Minimal supersymmetric SU(5) model with nonrenormalizable 
operators: Seesaw mechanism and violation of flavour and CP 



Francesca Borzumati^'^ and Toshifumi Yamashita^ 

^Department of Physics, National Taiwan University, Taipei 10617, Taiwan 
^KEK Theory Division, Tsukuba, 305-0801 Japan 
^Department of Physics, Nagoya University, Nagoya 464-8602, Japan 

Flavour and CP violations that the neutrino-seesaw couplings of type I, II, III induce 
radiatively in the soft massive parameters of the minimal supersymmetric SU(5) model, 
made realistic by nonrenormalizable operators, are analyzed. Effective couplings are used 
to parametrize the couplings of renormalizable operators and of the corrections that non- 
renormalizable ones provide at the tree level. It is found that for a limited, but sufficient 
accuracy in the calculations of such violations, it is possible to extend the picture of effective 
couplings to the quantum level, all the way to the cutoff scale. The arbitrariness introduced 
by nonrenormalizable operators is analyzed in detail. It is shown that it can be drastically 
reduced in the Yukawa sector if the effective Yukawa couplings involving colored triplet Higgs 
bosons are tuned to suppress the decay rate of the proton. In the supersymmetry-breaking 
sector the usual requirement of independence from flavour and field type for the mechanism 
of mediation of supersymmetry breaking is not sufficient to forbid arbitrary flavour and 
CP violations at the tree level. Special conditions to be added to this requirement, under 
which such violations can be avoided, are identified. Depending on how and whether these 
conditions are implemented, different phenomenological scenarios emerge. Flavour and CP 
violations of soft massive parameters induced by neutrino-seesaw couplings are discussed 
explicitly for the simplest scenario, in which no such violations are present at the tree level. 
Guidelines for studying them in other, less simple scenarios are given. Lists of all renormal- 
ization group equations needed for their calculations are provided for each of the three types 
of the seesaw mechanism, at all energies between the TeV scale and the Planck scale. 

§1. Introduction and motivation 

Among the existing proposals to solve the hierarchy problem of the Standard 
Model (SM), supersymmetry (SUSY) is still one of the most compelling. A solution 
to this problem without excessive tuning requires that the massive parameters that 
break SUSY softly are around the TeV scale, hereafter identified with the electroweak 
scale, -Mweak or m. 

As is well known, if no restrictions are invoked for these parameters, flavour 
violations in the sfermion mass matrices, or sfermion flavour violations (sFVs), in 
general exist. In particular, off-diagonal elements in the chirality-conserving sectors 
of these matrices, and/or misalignments of the chirality-mixing sectors with the 
corresponding Yukawa matrices, may be nonnegligible. Then, loop diagrams with 
exchange of superpartners can give large contributions to flavour-changing-neutral- 
current (FCNC) processes. Since these are experimentally known to be rare, and 
not in disagreement with the SM predictions it follows that sFVs must be rather 
smalljl^f or altogether absent, at least at one scale. 

Even if vanishing at the cutoff scale, Mcut, however, sFVs are in general non- 
vanishing at Mweak) as they are induced at the quantum level by the SM Yukawa 
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couplingsP"^ They are suppressed by a loop factor, but enhanced by the large 
logarithms of the ratios of Mcut and M^eak) usually resummed through renormal- 
ization group (RG) techniques. Nevertheless, the squark flavour violations (sQFVs) 
obtained in this way in the minimal supersymmetric standard model (MSSM) are not 
particularly large^''^' (unless tan/3 is large^'), mainly because of the smallness of the 
off-diagonal elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, Kqkm, 
and the pattern of fermion masses. 

Irrespective of the extensions made to solve the hierarchy problem, the lep- 
tonic sector requires also some enlargement of the originally proposed SM structure 
in order to accommodate neutrino masses. One way to proceed is to introduce the 
well-known seesaw mechanism, which is classified into three different types, 11^^ 
and depending on which heavy fields are advocated for its mediation.l^S Sin- 

glets of the SM, or right-handed neutrinos (RHNs) are used for the type I. All three 
types of seesaw mediators have couplings of 0(1) with the lepton doublets if their 
scale, Mssw, is large, considerably above the range of energies at which direct detec- 
tion is possible. 

It is therefore very important to search for signals that can give information 
on these heavy fields. An obvious magnifying glass for them may be precisely their 
large Yukawa couplings to the left-handed leptons and the large mixing angles of 
the Maki-Nakagawa-Sakata (MNS) matrix, i^MNS- These affect the RG flow of the 
soft SUSY-breaking parameters for sleptons,'^ inducing slepton flavour violations 
(sLFVs), and consequently flavour- violating effects in the charged-lepton fermion 
sector. Thus, information on the seesaw fields can be hopefully gleaned through the 
study of flavour-violating processes in models in which sFVs at Mcut are vanishing 
(or under control, as in models with a Yukawa mediation of SUSY breakin^HJ^^ xhe 
existence of arbitrary tree-level flavour violations in the slepton mass parameters at 
this scale, even if relatively small, for example of O(10~^), can completely obscure 
the loop effects induced by the seesaw mechanism. 

In this type of studies, a minimal number of parameters is commonly used to 
specify the soft SUSY-breaking terms at Mcut: a common gaugino mass, M1/2, 
a mass common to all scalars, with vanishing intergenerational mixings, mo, and 
two, in general, uncorrelated parameters, the bilinear and trilinear couplings Bq 
and which guarantee the alignment of the bilinear and trilinear soft terms to 
the corresponding mass and Yukawa terms in the superpotential. This short list 
of parameters encapsulates the concept of universal boundary conditions for soft 
masses, which may be obtained in the context of minimal supergravity,!!^'''!^ or 
more generally, from a field- and flavour-blind mediation of SUSY breaking, such as 
gravity mediation, which is assumed throughout this paper. 

If the MSSM with the seesaw mechanism is embedded in a SUSY SU(5) grand 
unified theory (GUT), the seesaw mediators interact with large Yukawa couplings 
not only with the SU(2)-doublet leptons, but with all components of the multiplets 
to which these leptons belong, that is, also with SU(2)-singlet down quarks. Thus, as 
pointed out by Back et aP and Moroi,^^ in the minimal SUSY SU(5) (MSSU(5)) 
model with the seesaw of type I, these interactions can induce sQFVs at M„eak 
in the right-right down-squark sector, whereas those generated by the top Yukawa 
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coupling are in the left-left sector. Such sQFVs are related to sLFVs in a simple way. 
In addition, various independent phases are present in this model, only one of which 
corresponds to the CKM phase of the SM, when evolved at low scale. These GUT 
phases can also leave visible imprints in the superpartner mass matrices, during the 
RG flow from Mcut to the GUT scale, MquTj if the soft SUSY-breaking parameters 
are real at Mcut!^ 

Both these facts have raised hopes that combined studies of flavour- and CP- 
violating processes in the quark and lepton sector may provide interesting avenues 
for detecting the presence of RHNs in the MSSU(5) model with universal soft terms 
at Mcut- Indeed, considerable attention has been paid to the correlations of sQFVs 
and sLFVs in this model,!^"^ much less in the MSSU(5) model with the other two 
seesaw types 0- 

Soon after the observations of Refs. fTT]) and [T8|) . it was argued that the MSSU(5) 
with a seesaw of type I, precisely because it induces sQFVs in the right-right down- 
squark sector, could accommodate values for Bg-Bg mixing (at that time unmea- 
sured) distinguishable from the typical SM ones^^ without upsetting the observed 
agreement between experimental results and SM predictions for other FCNC pro- 
cesses. In contrast, predictions for this mixing in the MSSM with universal boundary 
conditions of the soft parameters (usually assumed at Mgut) tend to deviate less 
from those obtained in the SM. 

The now existing measurement of AMg, unfortunately, turns out to be incon- 
clusive for searches of new physics. It does not show disagreement with the SM, but, 
in spite of its outstanding precision,'^ it cannot exclude new-physics contributions 
either, because of the ~ 30% error that plagues the SM calculation.l221i Recently, a 
new upsurge of interest in the MSSU(5) with RHNs was induced by the fact that 
the global fit for the phase of this mixing made by the UTfit collaboration, based 
on experimental data from DCPO and CDF,'3I1' seemed to be 3.7a away from the SM 
value.'® A subsequent reanalysis,!^ as well as a fit from the HFAG,^^' shows now 
a more modest 2.9 or 2.5a deviation. Possible deviations of this phase from the SM 
value would be rather interesting, because its calculation is much less uncertain than 
that for AMg^^ Surprisingly, however, the claim that the MSSU(5) model with 
a seesaw of type I could have some difficulty in explaining an anomaly at the 3.7a 
level^^ when this seemed to be the correct value, did not originate an exploration 
of flavour and CP violation in the MSSU(5) model with the other two seesaw types. 
It would be important to perform such studies, since the relations between sLFVs 
and sQFVs, as well as the impact of GUT/seesaw phases may turn out to be largely 
different in the three cases. 

In view of new and more extensive phenomenological studies, it is time to assess 
the state-of-the-art of the theoretical treatment of the MSSU(5) model. As is well 
known, this model is not realistic as it predicts a too rapid proton decay— J and wrong 
relations between the down-quark and charged- lepton masses.'^ Suitable extensions 
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of the field content p^^^ or the inclusion of nonrenormalizable operators (NROs) 
suppressed by 1/Mcut, are believed to be sufficient to cure these problems. Since 
the former extensions are more obtrusive, as they bring larger modifications to the 
model, we opt here for the second possibility. 

1.1. Existing studies of NROs in the MSSU(5) 

The consequences that NROs may have for sFVs were first discussed in Refs. Hn|) 
in the context of the SUSY SO(IO) model. They were also studied in Ref. [HJ in the 
SUSY SU(5) model with vanishing neutrino masses, and were then neglected until 
the work of Ref. I19p , where the seesaw of type I was implemented to obtain massive 
neutrinos. In Ref. [T9]) . only one NRO of dimension five in the Yukawa sector was 
included (the minimal number sufficient to obtain a suitable fermion spectrum) 0, 
nevertheless, the correlations between sLFVs and sQFVs induced by the seesaw 
Yukawa couplings were shown to be sizably altered. 

The direct effect that NROs have through RGEs is at most of O(10~^), for the 
usual hierarchy between Mcut and Mqut- Although small, it may not be neglected 
if the seesaw couplings happen to be somewhat smaller than 0(1). For this reason, 
the authors of Ref. aimed at collecting all contributions of 0(10^^). The largest 
effect that NROs have, however, comes from the arbitrariness they introduce in the 
choice of the flavour rotations of the SM fields to be embedded in the SU(5) matter 
multiplets. This is expressed by the appearance of unitary matrices of mismatch in 
the diagonalization (hereafter mismatch matrices) of various Yukawa couplings, in 
addition to the RGE-evolved CKM and MNS ones. There are two such matrices in 
the analysis of Ref. il9p . 

Since the coefficient of the NRO of Ref. 19) is tuned to provide corrections of 
0(1) to the Yukawa couplings of first and second generation fermions, it is somewhat 
obvious that these two mismatch matrices modify the pattern of sFVs in the first- 
second generation down-squark sector. What is perhaps less obvious is the fact 
that they can affect also, in a sizable way, the pattern of sFVs in which the third- 
generation down squark is involved.'^S Unfortunately, the authors of Ref. ,19) failed 
to emphasize this point, thereby implicitly substantiating the perception that the 
predictions for FCNC processes involving the bottom quark remain unaffected by 
the inclusion of NROs. 

The authors of Refs. flDI) and 131 j) . included in their analyses all possible NROs 
in the Yukawa sector of the superpotential. To deal with such a complex situation, 
they made use of the picture of effective couplings. For each renormalizable operator, 
these collect at the tree level the coupling of the operator itself and the corrections 
contributed by different NROs with superheavy fields replaced by their vacuum- 
expectation values {vevs). This picture was assumed by these authors to be valid 
also at the quantum level. 

No effort was made by any of the three groups of authors to verify whether 
the proton-decay rate can be suppressed in their scenarios. In the case of Ref. 

*' After Ref. ll9|) . the only other papers including NROs in the same context are those in Ref. l22p . 
which follow quite closely the treatment of Ref. I19|l , and the paper in Ref. I42p , which deals with a 
SUSY SO(IO) model. 
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this seems hardly to be the case, given the presence of only one NRO. Enough 
SU(5)-breaking effects are induced by NROs in the analyses of Refs. BOj) and [iT]) . 
These can disentangl^SHlSJ tj^e Yukawa couplings giving rise to the fermion masses 
from the Yukawa couplings contributing to the coefficients of the effective operators 
responsible for proton decay. The corresponding rate can then be tuned to be smaller 
than the existing experimental limits]® also for colored Higgs fields with mass of 
O(-Mgut)- Nevertheless, no mention of this issue is made in these papers, and 
no awareness appears in them of the fact that this tuning can have a substantial 
feedback into the sFVs problem. 

1.2. This paper 

Although closer in method to the treatment of NROs proposed in Ref . I40p . this 
paper is the first step towards a generalization of Ref. I19|) for all three seesaw types, 
with no restrictions on the type and number of NROs to be included. The resulting 
models are often dubbed in this analysis nrMSSU(5) models, to distinguish them 
from the MSSU(5) model without NROs. Special attention is paid to the possible 
shortcomings of the nrMSSU(5) models, in particular the loss of predictability, and 
the breaking of minimality in their Kahler potentials. 

As in Ref. [19]) we aim at collecting all the leading RGEs-induced effects due to 
NROs. 

We start by reviewing the MSSU(5) model in Sec. 12.11 and the three types of 
the seesaw mechanism in Sec. 12.31 We study in Sec. 12.21 the vacuum structure, of 
the MSSU(5) model. We give analytic expressions for the scalar and auxiliary vevs 
of the Higgs field in the adjoint representation, 24/^. To the best of our knowledge, 
the expression of the auxiliary vev is given here explicitly for the first time. Barring 
the use of some extreme values for the parameters in the Higgs sector of the model, 
the vevs obtained in this section are, to a good approximation, also those for the 
nrMSSU(5) models. 

Still in Sec. l2.2l we show how the tunings needed in the MSSU(5) model to induce 
light Higgs boson masses are stable under radiative corrections, irrespective of the 
type of soft parameters assumed at Mcut- The proof is already given in a compact 
form in Ref. I47p . Ours, is more direct and explicit, and uses the RGEs for the leading 
components of the vevs of the field 24// in the expansion in powers of (m/MGux)- 
We derive them in this section in terms of the original parameters of the model, 
and in a practically model-independent way in Appendix [Cj Thus, also this proof 
remains valid when NROs are included. 

In Sec. El we survey in full generality the different NROs that can appear in 
the SUSY-conserving sector of the nrMSSU(5) models, and we list explicitly the 
various effective couplings induced. In Sec. H] we show that, in general, the number 
of mismatch matrices, and therefore the amount of arbitrariness, introduced in the 
Yukawa sector, is considerably larger than in Ref. [T9]) . In spite of this, only one of 
these matrices affects sizably the pattern of the seesaw-induced sFVs in the down- 
squark sector, as in the simpler case of Ref. [T9]) . 

We do not attempt an actual calculation of the proton-decay rate in this paper, 
limiting ourselves to recall olcP^^^ and new^S possibilities to suppress it through 
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NROs. Nevertheless, in Sec. [5] we illustrate the consequences for sFVs of the ansatze 
used in Ref. [35|) for its suppression. These correspond to specific choices of the effec- 
tive Yukawa couplings of operators involving the colored Higgs triplets in the large 
parameter space opened up by the introduction of NROs. Interestingly, for these 
particular choices, the above mismatch matrices turn out to be well approximated 
by the unit matrix and their effects on the correlations between sQFVs and sLFVs 
to be negligible. We argue, however, that this is may not be a generic feature of 
these models and that a dedicated study should be devoted to this problem. 

We survey in Sec. [6] the NROs that can appear in the SUSY-breaking part of the 
superpotential and Kahler potential. We give emphasis to the explicit expressions of 
the effective trilinear couplings and effective soft masses squared, to which also the 
auxiliary vev F24 contributes, a point which was missed in Ref. I19p . and presumably 
also in Refs. i40j) and 141 D . In reality, this vev has nontrivial consequences for the 
correct determination of the boundary conditions for effective soft couplings and for 
their RGBs. 

We show in Sec.[7]that assuming boundary conditions for the original couplings of 
the nrMSSU(5) models consistent with a flavour- and field-independent mechanism of 
mediation of SUSY breaking, which induces universal boundary conditions in models 
without NROs, is not sufficient to avoid tree-level sFVs for effective couplings. After 
some guesses made in this section, we show in a systematic way in Sec.[8]how to avoid 
these tree-level sFVs by restricting further the type of couplings that the mediator 
of SUSY breaking can have to the various operators of the Kahler potential and the 
superpotential. Thanks to these restrictions, it is possible to recover for the effective 
soft coupling at Mcut the four-parameter description in terms of Mi/2y '^Oj ^O) Bq, 
which may be obtained also in the flat limit of minimal supergravity.^S 

We are then faced with the problem of whether it is possible to upgrade this 
picture of effective couplings to the quantum level. In Sec. 110.11 we examine the 
possible loop diagrams that break this picture and we determine the level of accuracy 
in the calculation of sFVs for which this upgrade is doable. We show, in a sketchy way 
in Sec. 110.2] and a detailed one in Appendix[Dl that, within this level of accuracy, the 
RGEs for effective couplings are as those for renormalizable couplings, even above the 
GUT scale where the superheavy degrees of freedom are still active. This statement 
has already been claimed in Ref. I4U|) . and then used also in Ref. HT]) . assuming that 
it is possible to neglect the wave function renormalization of the adjoint Higgs field. 
In reality, within our target accuracy, this approximation is not valid in the case of 
the effective trilinear couplings. Nevertheless, making use of the evolution equation 
of the scalar and auxiliary vevs derived in Sec. [21 we show that the formal equality 
of the RGEs for effective couplings and renormalizable couplings holds exactly, still 
within our target accuracy. This discussion is supplemented by complete lists of 
RGEs, given in Appendix [E] for all ranges of energies from Mcut to M^eak; for each 
of the three seesaw types, correcting mistakes in some of the equations reported in 
the existing literature. The RGEs for effective couplings, as well as the RGEs for 
the seesaw of type II and III above Mgut appear here for the first time. 

Finally, in Sec. [11] we give approximated analytic expressions for low-energy 
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off-diagonal terms in the squark and slepton mass matrices induced by the seesaw 
couphngs, for vanishing and nonvanishing NROs. Those for vanishing NROs are still 
predictions for the flawed MSSU(5) model, which are however missing in the existing 
literature. We show explicitly how NROs can modify the seesaw-induced transitions 
between squarks of first and second generation, as well as first and third and second 
and third generation. We summarize our analysis in Sec. [T2l 

1.3. Notation issues 

We do not distinguish in this paper fundamental and antifundamental indices 
as upper and lower ones, as it is usually done. We give, however, in Appendix [XI 
explicit multiplication rules for each term of the superpotential and Kahler potential, 
clarifying our notation. In the same Appendix we give also explanatory details for 
many of the equations appearing in the text. In particular, the SU(5) generators Tj 
listed there are assumed to be acting on the antifundamental representation. Thus, 
they act as —T^5 on the fundamental representation 5. Throughout this paper, 
we use the same symbol for Higgs superfields and their scalar components. An 
exception is made only for the field 24// in Sec. 12.21 and Appendix [Dj Finally, a dot 
on a parameter P{Q) denotes the partial derivative (167r^)5P/0 ln(Q/(5o), with Qq 
an arbitrary reference scale. 



§2. The MSSU(5) model with seesaw 



In the MSSU(5) modelj^® the supersymmetric version of the Georgi-Glashow 
SU(5) modeljISD the superpotential can be split as: 

^MSSU(5) ^ ^MSSU(5) ^ ^MSSU(5) ^2.1) 

where VFj^^^^''^^ contains all matter interactions: 



Mssu(5) ^ ^5^^y5 _ 1 lo^.yio ^q^^^^^ (2-2) 



and VF^^^^^^^ all Higgs interactions: 

^Mssu(5) ^ m^BhBh + A55h24h5h + ^M24(24h)' + ^A24(24/,)3. (2-3) 

Here Y^^ is a symmetric matrix, whereas is a generic one. As is well known, the 
two irreducible representations 5a/ and 10a/ collect, generation by generation, all 
matter superfields of the MSSM: 10a/ = and 5a/ = {D'',L}. The two 

Higgs fields 5// and 5// contain the two weak Higgs doublets of the MSSM, and 
Hd-, and the two colour triplets, H^ and H^: 5// = {H^,Hu} and 5// = {Hj^,Hd}. 
The explicit form of the Higgs field 24// is given in Appendix [Aj where also the SM 
decomposition of most superpotential terms can be found. It is sufficient here to say 
that its components are: G// and Wh, respectively in the adjoint representations 
of SU(3) and SU(2); Xh, an SU(2) doublet and SU(3) antitriplet; Xh, an SU(2) 
antidoublet and SU(3) triplet; Bh, a SM singlet. 
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In this form, the MSSU(5) model predicts vanishing neutrino masses. The ex- 
tension usually made to obviate this problem consists in the introduction of a heavy 
seesaw sector. Depending on the particle content of this sector, three realizations of 
the seesaw mechanism are possible, denoted as seesaw of type I, II, and III, which 
will be discussed in Sec. 12.31 We also postpone a discussion of the vacuum structure 
of the model to Sec. 12.21 whereas we concentrate in this coming section to the quark 
and lepton interactions. 

2.1. matter sector 

After performing some rotations in flavour space discussed in Appendix [Bl it is 
possible to recast W^^^^*-^^ in the form: 

Mssu(5) ^ ^5^^y5 ^^Q^^g^ _ ^q^^^ (kIoPio K^) Wm^h, (24) 



which shows explicitly the physical parameter of this superpotential term: Kiq and 
Pio, which like all K- and P-matrices throughout this paper, are respectively a 
unitary matrix with three mixing angles and one phase, and a diagonal phase matrix 
with determinant equal to one, and the real and positive entries in the diagonal 
matrices of Yukawa couplings, and Y^^. 

By decomposing the two terms in Eq. (|2-4|) in SM representations, we can split 
<^^^(^) as: 

^MSSU(5) ^ ^,MSSM ^ TyMSSU(5)^ (2-5) 

with ly'MSSM containing only MSSM fields, W^^^^^^^ collecting ah the Yukawa 
interactions involving Higgs triplets. The following identification of the MSSM fields 
Q, D'^, W^, L and E'^ among the components of the MSSU(5) fields 5m and 10m: 

5m ^ {D'', e-^-^'P/L}, 10m ^ {Q, kIp^U^, e'^^PiE^], (2-6) 

removes the so-called GUT phases Pio from the MSSM-like part, and reduces the 
up-quark Yukawa coupling to be nonsymmetric. After the renaming: 

Y^^^Yu, ys^fb, iTio^i^cKM, (2-7) 

where Y^, Y^^ and i^cKM are, respectively, the diagonal matrices of down- and up- 
quark Yukawa couplings, diag(y(i, y^, ?/(,), diag{yu, yc,yt)i and the CKM matrix, all 
at MguTj the MSSM-like becomes: 

p^/MSSM ^ jjc (yuKckm) QHu - Yd QH^ - Yd LH^, (2-8) 

with the down-quark diagonal Yukawa matrix also in the leptonic term. In its place 
the MSSM superpotential has a different diagonal matrix Ye, with three additional 
independent parameters. Ye = diag(ye, 2//^, yr)- 

Notice that the above identification is not unique, as nonunique are also the 
parametrizations of Y^ and Y^^ in terms of the physical parameters of 
and that of the MSSM Yukawa matrices. (See Appendix [Bj) The appearance of the 
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three phases e^'^^Pi shows the arbitrariness that still remains in choosing the SU(2) 
doublets and singlet lepton fields, L and E^. This will be used to remove three 
phases in the seesaw sector. 

With this identification and the form of T^'^SSM ^q. VF^^^^^^JjC' 



as: 



-e-<^' L (p}Yd) QHg - (y^^KM^io) U'H^. (2-9) 



It contains all the phases Pio and e^'^^Pi rotated away from i^/'^^SSM^ Consistently, 
once the Higgs triplets are integrated out, their dependence disappear from the 
superpotential below Mqut- A trace of these phases, however, remains in the mod- 
ification that the soft SUSY-breaking parameters undergo through renormalization 
from Mcut down to Mqut- They remain also in higher-dimension operators gen- 
erated by integrating out of the colored Higgs triplets, such as the proton-decay 
operators discussed in Sec. O 

The term ];{/"^SSM g|.j^j differs from the conventional MSSM superpotential as it 
lacks the bilinear terms in the two Higgs doublets, with massive coupling ^. Up to 
soft SUSY-breaking terms, this parameter and the dynamics leading to the breaking 
of SU(5) are determined by l^j^^^^*-^-*. 

2.2. Higgs sector and SU (5) -breaking vacuum. 

We assume that the field 24/^ acquires a non- vanishing vev of 0{Mq\jt) only 
in the hypercharge direction, (^24^), since 24"^ is the only SM singlet among its 
components 0- Elsewhere, this field is denoted by the symbol Bh, which indicates 
both, the complete superfield and its scalar component, like all symbols used for 
Higgs fields in this paper. In this section and in Appendix [Dl where the double use 
of the same symbol may generate some confusion, we reserve the symbol 24|^ for the 
superfield, whereas Bh and are used for its scalar and auxiliary components. 

The vev 24?^ is decomposed as: 

{2A^^) = {BH) + e\FB„), (2-10) 

and the part of the superpotential relevant for its determination is a subset of 
<^^U(^) in Eq. 

^24- = \m2A {2Ajff - ^A24 {2Ajlf . (2-11) 



*-* The neutral component of Wh in 24h, colorless, could also acquire a vev once the electroweak 
symmetry is broken. A dimensional analysis shows that its scalar component, with mass squared 
of C(Mqut)i can induce a tadpole term at most of 0{m^MGVT), and therefore a vev at most of 
©(m'^/MGux), i.e. completely negligible. We set to zero the vevs of 5h and 5h, which are also 
negligible and completely irrelevant for this analysis. Since all the components of 24_fr have masses 
of C'(Mqut), the vacuum (24||) is bound to remain a vacuum, at least locally, even when the 
SUSY-breaking terms are included, which have the only the effect of producing tiny shifts in its 
value. 
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For vanishing soft SUSY-breaking terms, the scalar potential determining the vac- 
uum is simply given by |Fb^P, with: 



Fi, = ^ = M-.B„ - ^A.BJ, (2.12) 



For = 0, a nonvanishing vev for Bh is generated: 

{Bh) = V2A = 2\/30-^, {{Fb„) = 0) . (2-13) 

Notice that V2i and {Bh) coincide only in the limit of exact SUSY, but they differ 
for nonvanishing SUSY-breaking terms. The vev f 24 splits the masses of the doublet 
and triplet components of the 5^ and 5^ Higgs fields, which we call 112 and fi^: 

/^2 = Ms - \^\5V2i = Ms - 6A5 (2-14) 

/is = Ms + - J -As?;24 = Ms + 4As = + lOAs (2-15) 
o V 5 A24 A24 

It is clear that Ms and M24, both of ©(Mqut)) niust be fine tuned to render 
/X2 of 0(M„eak)) whereas //s is naturally of 0(Mgut)i ^-e. heavy enough not to 
disturb the success of the gauge coupling unification. This fine-tuning problem, or 
doublet-triplet splitting problem, is generic of GUT models and has spurred many 
proposals for its solution.l3Sl''[SSli"Elli xhe known remedies in the case of SU(5) in four 
dimensional space-tim^^lli require a departure from the assumption of minimality 
encoded in W^^^^'^^\ Here, we keep this assumption and we agree to tolerate the 
severe fine tuning of Eq. (|2-14p . which is stable under radiative corrections thanks to 
the nonrenormalization theorem for superpotentials. The soft SUSY-breaking scalar 
potential is not equally protected and, in general, we expect that the fine-tuning to 
be performed also in this sector is potentially destabilized by radiative corrections. 
This turns out not to be the case, and both tunings are stable.!^ 

To show this, we start by giving the form of the soft SUSY-breaking scalar 
potential: 

yMSSU(5) ^ yMSSU(5) _^ ^MSSU(5) _^ ^MSSU(5) (2T6) 
split into a matter part EE, a purely Higgs-boson part, and a gaugino part: 
^Mssu(5) ^ |_lfoj\M'°rOA/5,/ +V21mA''\Qm~^h +H.c.| +I^IA^^I^m 

- ~2 -* 

^MSSU(5) ^ i^B^^H^H + Ax.^h'^AhIh + ^^24(24^^)2 + 1^;,,, (24^^)3 +H.c.| 

+ml^h*HhH + mlJ>*H^H + ml^^2A*H2AH, 
yMSSU(5) ^ \mgG,G,. (2-17) 



*•* Notice the different conventions for the soft masses of the fields IOai and 5j\/, discussed below 
Eq. (|F25)) in Appendix [E] 



MSSU(5) with NROs 



11 



The inclusion of the soft SUSY-breaking terms shifts the scalar potential relevant 
for the determination of the MSSU(5) vacuum as follows: 

VB„ = \FB„f + VB„, (2-18) 

where Vb„ is a subset of the potential y^^^^^^^) Eq_ (j2-17p : 

Vbh = f^lAnBhBu + \^B2^Bl - -^Ax,,B% + H.c.j . (2-19) 

Once the soft terms are introduced, in general, also the auxiliary component of 24|^ 
acquires a vev and the value of the scalar-component vev gets modified. The 
expressions for both these vevs can be obtained perturbatively, using (tti/Mgut) as 
expansion parameter, where m is a typical soft mass: 



{Bh) = V24 + SV2A + 24 + O 



(771^ \ 

Here, U24, Sv24, and 5^f24 are respectively of O (Mgut)i C {fn), and O [m?/MQUT), 
whereas -F24 and 6F24 are of O (mMcuT) and O (m^). A straightforward calculation 
yields: 



6v' 



'24 



-^24 



_ f -^24 _ ^A24 

VM24 A24 J M24 

/ ^24 -4a24\ 



6F 



24 



~2 , -^24 / -B24 Ax24 

24 



M24 V M24 A 



^24 
M24' 



(2-21) 



The MSSM ji and B parameters are then expressed in term of {Bh) and (Frj,)R1: 



/x = M5- - W-A5 (Bh) = fi2 + S^2 + 



2y 5 V^GUT 



B = - i\/f (-4a„ (Bh) + As (Fb„)) s B2 + + O (j^^) ■ (2-22) 



where /X2 is already defined in Eq. (|2-14p . and B2 is 

1 fe , . , „ . B5 , A5 



B2 = B^- -J-{Ax,V24 + A5F24) = + 6-^M24 A, (2-23) 

2 V <3 M5 ^24 



*•* The importance of the correct matching of /i and B to the original GUT parameters is 
highhghted in Ref. I59p in the context of no-scale supergravity. 
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with A: 



Finally, 5fj,2 and 6B2 are 



A^^-^-^ + ^. (2-24) 
M5 As M24 A24 ^ ^ 



2 V 5 " A^4M24 V^24 A24 

(5^2 = -^yi [Aa5(5?;24 + A5-5F24] 



' A^4M24 



M24 A24 y V^24 As y ^ 



(2-25) 



The quantities to be fine tuned in these equations are ^2, and B2, and the tuning 
conditions to be imposed are: 

/ 777 2 \ 

,,_^0(,n). ^ = 0(^—y (2.26) 

That both these tuning conditions are stable against radiative corrections, as claimed 
above, can be seen by making use of the RGEs listed in Appendix lE.3l for the param- 
eters of the Higgs sector entering the second equalities for ^2 and A in Eqs. ()2-14p 
and (|2^ . 

The calculation becomes particularly simple in terms of the RGE for ^24, which 
we give here together with that for F24: 

V2A = -124 V24, 

F24 = -724-^24 - 724 ^24- (2-27) 

These evolution equations, expressed in terms of the anomalous dimension of the 
field 24j^, 724, and its soft counterpart 724, are obtained in a very general way in 
Appendix O Both vevs exist above Mgut- The vev U24, in particular, determined 
by superpotential parameters, is very different, for example, from the MSSM vevs 
Vu and Vd, determined by Kahler potential parameters and whose existence is not 
guaranteed at all scales. The RGE for F24, shows that a nonvanishing value for this 
vev is generated through radiative corrections, even when starting with a vanishing 
one at some scale. Since it will be of use later on, we define here also the quantity 
/24, i.e. the ratio of the two vevs: 

/24-^=f^-4^V (2-28) 



^24 \ M24 A24 

with the simple evolution equation: 

/24 = -724. (2-29) 

The RGEs for 6v24, SF24 and (5^f24, are very different as these quantities depend 
on the Kahler potential (see Appendix lUj) . which gets vertex corrections at the loop 
level. 
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The first RGE in Eq. ()2-27p lias as a consequence the fact that A5?;24 evolves as 
M5, and so does also 

A2 = (75^ +75h) ^2- (2-30) 
Since the quantity A turns out to be scale invariant: 

A = 0, (2-31) 

also B2 evolves like B^: 

B2 = (75« + 75«) B2 + (75h + 75^) (2-32) 

This is sufficient to prove that the tuning for ij,2 and B2 is not destabilized by 
quantum corrections. Notice that no specific ansatz was made for the boundary 
conditions assigned to the trilinear couplings Ax^ and AX24 , and the bilinear couplings 
i?5 and B24, except that they are of 0{rh) and ©(mMcuT)) respectively. 

On the other hand, the specific values chosen for 1x2 and A in Eq. (|2-26|) can 
affect the values of the boundary conditions for the MSSM parameters /i and B. 
We take as example minimal supergravity, in which at Mcut, the soft masses for all 
scalar fields are mo, all ratios of trilinear couplings over the corresponding Yukawa 
couplings are {A\ J Xi){M cut) = ^O; and all ratios of heavy bilinear parameters over 
the corresponding superpotential masses are {Bi/Mi)[Mcut) = Bq, with 

5o = Ao-mo. (2-33) 

In this context, at Mcut, it is Z\ = 0, and if the value of /i2(-Mcut) = is imposed, we 
obtain for the boundary condition of the MSSM ^ parameter: ^{Mcut) = ^fJ'2{Mcut), 
with 



SfJ'2{Mcut) = -6mo 



24 



(Mcut), (2-34) 



.^24/ \M24, 

and for the boundary condition of the MSSM B parameterf^ 

S(Mcut) = 2mo(^/i2(Mcut). (2-35) 

In contrast, if /i2(Mcut) (and therefore /x(Mcut)) is a nonvanishing arbitrary quantity 
of 0{rh), the relation between the boundary conditions of B and /i is also arbitrary: 

5(Mcut) = [Bo^i2{Mcnt) + 2mo^/"2(Mcut)] , (2-36) 

with Bq in Eq. ([2^ and 6^X2{Mcn^) in Eq. (f2^ . 

For completeness we give here also the tree-level mass of the triplet Higgs fields 
including the small correction (^/X3, of 0{fh), due to the term 6v24 of the vev {Bh)- 

Mhc = H3 + Si^3 = + IOA5- 10-;— J7 — • (2-37) 

A24 A24 ^1^24 \^'^24 A24 / 



We also collect together the various pieces of the parameters fi and B: 



M24 

M5-6A5 



A 



24 



A^M^ / ^24 Ax,, 

\*2^M24\M24 A24 
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B 



-D5 - 6 — M24 h 

A24 V ^5 



24 



6 



24 



A^4 M24 



M24 

-B24 ^A24 



24 



A 



24 



A24 

^24 



.4 



As 



24 



A. 



+ m 



Bh 



(2-38) 



where the first square brackets in the two equations are /i2 and i?2, respectively. 
Notice that, differently from ^2-, the quantities 5^2 and 5^2, do not evolve like all the 
superpotential dimensionful parameters. In a similar way, 6B2 does not evolve like 
a typical bilinear soft parameter, whereas B2 does. This is because their expressions 
contain 5v2a and 5F2i. Thus, above Mqut, also the MSSM /i and B parameters, as 
well as the small correction to Mjjc of 0{m), have nonconventional RGEs. 

The derivation of {Bh) and {Fbh) in this section allows for independent phases 
of M24 and A24. It is possible, however, to redefine the field 24// in such a way to 
align them. That is to say, without any loss of generality, it is possible to take f 24 to 
be real, which is what will be assumed hereafter. In contrast, the phases of the shifts 
6v24, F24, and SF24: depend on those of the bilinear and trilinear terms in ^/^^^U(5)^ 

2.3. Seesaw sector 

The seesaw mechanism is a mechanism that generates the effective dimension- 
five operator for Majorana neutrino masses: 



--LHukLHu, 



(2-39) 



L L 



H,, 




where the symmetric matrix k is a dimensionful parameter of 0{M~l^). This operator 
is obtained by integrating out the heavy seesaw degrees of freedom at the scale Mgsw 
The mechanism is depicted in Fig. [H where a solid (broken) line indicates a fermion 
(boson) or, in a supersymmetric context, a superfield with a Z2 odd (even) i?-parity. 
At the tree level, there are only two 
diagrams that can give rise to the 
above effective operator, one medi- 
ated by a solid line and one by a bro- 
ken line. 

Taking into account the gauge 
structure, it may seem at first glance 
that in both cases, the inner line that 
represents the mediator M can be a 
singlet or triplet of SU(2). In reality, 

the possibility of the singlet scalar mediator M is forbidden by the multiplication 
rule of SU(2): 2x2 = 1^ + 3^, where the indices A and S indicate an antisymmetric 
and a symmetric product. Thus, there are only three types of seesaw mechanism, 
with mediators: 

singlet fermions : type I, 
a triplet scalar : type II, 
triplet fermions : type III, 



H,, 



Fig. 1. The seesaw mechanism. 
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i.e. the RHNs A^'^, a triplet Higgs boson T, and matter triplets Wm, respectively. 

They interact with the lepton doublets through the large Yukawa couplings {i = 
I, II, III): 

N^LHa, -^LYI'TL, HuWmYI''L. (2-40) 
With a minimal completion, we obtain the seesaw superpotentials 0: 
VFsswi = N'YlLHu + ^N'MnN^, 
<wii = 7f ^^"^^ + i/„f i7„ + MtTT, 

WL^m = HuWmYI''L + ^WmMwmWm, (2-41) 

where of the three superheavy masses M^, Mt, and M^^^^, Mn and Mwm^ 
two 3x3 matrices, Mt, just a number. Following Appendix [Bl it is easy to see 
that yj and Y^^^ are complex matrices with fifteen parameters, whereas Y^^ is a 
nine-parameter symmetric complex matrix. 

By integrating out the mediators in the superpotentials of Eq. (|2-4ip . and re- 
placing Hu by its vev Vu, we obtain relations between the neutrino mass matrix, kv'^, 
and the seesaw Yukawa couplings: 

^^'^^ik^^^'^''' for type I, 

Yl'^^fvl for type II, (2-42) 

^ for type III. 

(See Appendix 1X1 for the normalization of the fields Wm, which are in the adjoint 
representation of SU(2).) 

The neutrino mass matrix is usually expressed as: 



^MNS^^^MNS- (2-43) 



In the basis in which the Yukawa coupling for the charged leptons is diagonal, the 
MNS matrix T4inS; a unitary matrix with three mixings and three phases, is the 
diagonalization matrix of m^. It is often parametrized as: V^ns ~ -^mns-PmnSj 
where i^MNS is a i^cKM-like matrix, with three mixing angles and one phase, Pmns 
is a two-phase matrix, the so-called Majorana phases. 

In the same basis, it is possible to invert the relations in Eq. ()2-42p . solve for 
the couplings (i= I, II, III) in terms of nii,, and therefore obtain the high-energy 
neutrino parameters in terms of those that can be tested at low energy, Vmns and 



*•* We distinguish by a prime the second and third superpotential from M4swii and Wsswiii listed 
in Appendix [E] which contain more operators and fields, not needed for the implementation of the 
seesaw mechanism in the MSSM context, but necessary for the completion of the seesaw sectors of 
type II and III in the MSSU(5) model. 
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fhjy. In the case of the seesaw of type II, because the mediator has no flavour, 
the high-energy input in the neutrino mass matrix is just a number, i.e. the ratio 
\f/M^j^, and the flavour structure of Y^^ is the same as that of the neutrino mass 
rriy. Thus, the expression for Y^^ is rather simple: 

= 4^MNS ^.KiNS^- (2-44) 

The corresponding ones for type I and III, in which the mediators carry flavour 
indices, are far more involved. The neutrino mass matrix, which depends on a large 
number of high-energy parameters, has a flavour structure different from those of Y^ 
and YI^^. In a basis in which also the mediator masses are diagonal, these couplings 
can be expressed as: 



I'm 



=l-V^^sVffiuR^/Mw^. (2-45) 

Here, an arbitrary complex orthogonal matrix parametrized by three (arbi- 

trary) mixing angles and three phases, appears. Notice also that in these two cases, 
nii^ is quadratic in yj and Y^^^, whereas in the seesaw of type II is linear in yj^. 

In SU(5), the multiplets respectively containing the mediators of the seesaw of 
type I, II, III are matter singlets, or RHNs A^'^, a 15plet Higgs field, 15h, and three 
adjoint matter fields, 24m, distinguished from the Higgs field 24jy by the index M, 
for matter. The components of the fields 24^ are denoted as Gm, Wm, Xm-, Xm, 
and Bm, whereas in addition to the triplet Higgs T, 15// contains also the fields S 
and Qis- (See Appendix[Al) The complete seesaw superpotentials areEl 



H^RHN = -N'Y^5m5h + ^N^MnN^, 

VFisH = -^5mY}^15h~5m + Mi515h15h (2-46) 

+ -^Az) 5h15h5h + "^^c^ 5h15h5h + Ai5l5H24//15i/ , 
W24M = 5i/24My™5A/ + ^24mM24m24m + ^ Yl (24m1?4m24m),24//, 

x=S,A 

where the index x in the last term of the third of these equations refers to the 
symmetric and antisymmetric product of the two 24m (see Appendix [X]) . If not 
small, the couplings A15 and y24M ~ ^) easily spoil the gauge coupling 
unification. For this reason, in this analysis we take them to be vanishing, and 
therefore, the mass term for the mediators 15// and 24a/ is approximately given 



*' The superpotentials H4swii and W^sswiii listed in Appendix [E] which differ from VK4wI a-nd 
Wggw 11 of Eq. (|2-41|l , are obtained from the following Wish and W24M by integrating out the triplet 
Higgs fields , and by taking the limit ^24'^ = in Wsswiii- 
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by the second term in Wi^u and VF24M! respectively. The couplings and Y}^^ 
are generic complex matrices, Y^ is a symmetric complex one, with, respectively, 
eighteen and twelve irreducible parameters. 

When expanding these terms in their SM representations (see Appendix |A] for 
details), in the SM basis of Eq. (j2-6p . these Yukawa interactions become: 

- N^Y},5m5h ^ N^YlLHu - e^'^'N^ (yJP,) D^H^, 

5mY}J15h5m ^ LYI'TL - V2e"t'W' (P^y,") LQi^ 
+6^2"^' {PiYl^Pi) SD", 

--H^BmYI^'L 
5 2 

+e''^^HuXMYl^^PiD^ + e'^^H^GMYl^^PiD'' 

^-^-H^BmYI^'PiD' + H^XmYI'^L. (2-47) 

Notice that the couplings [i = I, II, III) are substituted by the couplings Y^ of 
Eqs. ()2-40p . ()2-44p . and (|2-45p . which have less independent parameters, as three 
phases were removed by using the three unfixed phases e*'^'P; in Eq. (|2-6p . The 
dependence on these phases, however, is not totally eliminated. They reappear in 
terms containing either the triplet Higgs field, H^, or a component of the seesaw 
mediators, and, depending on the type of seesaw implemented, are to be identified 
with the phases e^'^'Pj {i = I, II, III) of Appendix[Bl 

One feature of the type III seesaw mechanism becomes very evident through 
the expansion of the term 5j^24Af y^y^^A^f- components Bm interact with the 

components of the fields and 5m as the RHNs N^, except for different group 
factors. Thus, the implementation of a seesaw of type III in the MSSU(5) model is 
connected to that of type I, and the relation of Eq. ()2-42p . in which the superscript 
label is now somewhat of a misnomer, must be modified: 



vl (2-48) 



For simplicity the same symbol Y^^^ is used for the couplings in the two terms, but 
in reality these differ by small SU(5)-breaking corrections. 

Last, but not least, these decompositions show clearly that the Yukawa couplings 
yj,ii,iii infj^cg flavour violations in both, the scalar sector of leptons and right-handed 
down quarks, in a related way. Differently than in seesaw of type I, where the second 
interaction in the first decomposition decouples at MquTi in the seesaw of type II, 
all three interaction in the second decomposition remain active down to Mssw, which 
differ by at least a couple of orders of magnitude from Mqut- The situation is more 
complicated in the case of the seesaw of type III. The consequences of this feature 
will be discussed in Sec. [TTJ 

We close this section by giving also the soft part of the scalar potential for the 
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three types of seesaw 



mechanism Rl : 



Vrhn 





+"^15^151^15^ + m^- 15^15^ 



(2-49) 



V24M 



+^ ^ (2~4M^f4M24A/)^24H + H.c.}+2~4MmL^2~4; 



x=S,A 



■■M- 



§3. Effective couplings at the tree level in the SUSY-conserving sector 

Nonrenormalizable operators exist in every effective model, and in general all 
NROs allowed by the symmetries of the model, do appear. The peculiarity of GUT 
models in this respect is that they postulate the existence of a large scale not far 
from Mcut- Therefore, NROs in these models, can be far less suppressed than, say, 
in the SM. 

Those that immediately come to mind in the context of the MSSU(5) model are 
the NROs obtained from renormalizable operators in which the field 24// is inserted 
in all possible ways. Neglecting for a moment the dynamical part of 24//, it is easy to 
see that the large vevs of its component Bh, in this discussion safely approximated 
by U24 and F24, can partially compensate the huge suppression coming from inverse 
powers of Mcut- The result is a milder suppression factor: 



a quantity of order 10^^, or larger if the GUT scale is closer to Mcut- This is too large 
to assume that NROs can be neglected. Since it is difficult to explain theoretically 
why their coefficients are exactly vanishing or very small, NROs should actually be 
considered as an integral part of the MSSU(5) model itself. 

In this section we discuss NROs of this type in the SUSY-conserving sector of 
our theory. We postpone the study of those in the SUSY-breaking sector to Sec. [H 
Nonrenormalizable operators that do not contain the adjoint field 24// can also play 
an important role for low-energy physics, for example suppressing the decay rate 
of the proton, and will be introduced at the end of Sec. 13.11 A discussion of the 
consequences that they may have for sFVs is postponed to Sec. O 

*•* The conventions for the soft mass terms of the fields A^*^ and 24m, are discussed below 
Eq. (|F25)) in Appendix [H 
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3.1. Effective Yukawa couplings 

Nonrenormalizable operators in the Yukawa sector of the superpotential are 
obtained by inserting in all possible ways powers of the field 24/^ for example in the 
two Yukawa operators of Eq. (j2-2|) . We obtain the two classes of NROs Op^ and 
Op^^, with Op^ given by: 



^ / 24^ \" / 24 



where 2AJj is the transpose of 2Ah- For the explicit expression of Op^^, with coeffi- 
cients C',i5',n2,»i3,n4,n5! refer the reader to AppendixjXl The NROs with n, m, and 
Hi simultaneously vanishing in Op^ and Op^^ are the renormalizable ones listed in 
Eq. (|2-2p . with Cqq = Y^ and Cq g o o = shall sometimes refer to them as 

Op^|4 and Op^^\i. 

In general, there exist other NROs that differ from these by the trace of a product 
of an arbitrary number of 24// fields, duly suppressed by the same number of factors 
1/Mcnt- Op'' = Op' X Hj Tr(24///Mcut)''^(^ = 5,10). The corrections that they 
induce to the various Yukawa couplings can be reabsorbed into those coming from 
Op^ and Op^^, once the field 24h is replaced by its vev, and are therefore neglected 
in the following discussion. 

The dimension-five operators often discussed in the literature are 

/2 - 

Op^% = --^{WA4C\hOM24H5H + 10m C^°10A/5i/ 24h) , (3-3) 



10. 



where and Cg^ corresponds to linear combinations of some coefficients of Op 
r'lo _ r^'ioT , ^lOT 1/^10 i r'lo i 

— ['-^1,0,0,0,0 "T "-^o.i.o.o.o + "-"O.O.l.O.O + '-'0,0,0,l,0j^ ' 

r'lo _ r'lo rr'ioT ir'ioT i r'lo .r'lo i to a\ 

— "-"O.O.O.O.l ["-"l.O.O.O.O "I" "-^O.l.O.O.O "T '-'0,0,1,0,0 "T "-^0,0,0,1,0] s ' \'^'^) 

and the indices S and A denote the symmetrized and antisymmetrized form of the 
matrices inside parentheses. The matrix is then antisymmetric. It corresponds 
to the coupling for the irreducible interaction between the two fields 10m combined 
into a 45 representation of SU(5) and the fields 5h and 24j/, combined into a 45. 
We remind that 10 x 10 = 5^ -h 45a + 50^ and 5 x 24 = 5 -h 45 70. The matrix 
is symmetric, since Cg q g q (like Y^^) is a symmetric matrix. It corresponds to the 
coupling for the irreducible interaction in which the two fields 10m and the fields 5h 
and 24:H combine, respectively, into a 5 and a 5 representations of SU(5). 

As for the dimension-six NROs, Op^l^ can be easily read off from Eq. (|3-2|) : 
Op^^Iq is given in Appendix lAl 

Neglecting the dynamical part of the field 24j/, after the substitution 24^ — )• V24,, 
Op^ and Op^^ decompose into effective renormalizable operators. In particular, in 
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the case of Op^ , we obtain 0: 

-D^YlQHd, -E%Y%fLHd, - D^Y^.jjU" H% , -LYIqQH%, (3-5) 
with coupUngs Y^ {i = d,e,du,lq): 

n= jznu^= j: ci^s^''^-^[{h.xT{{h.)r^ (3-6) 

n+m=0 n+m,=0 

where and collect the hypercharge values: 

(^5A/)i 

In these definitions a boldface type is used to distinguish the effective Yukawa cou- 
plings from the usual ones, and all boldfaced quantities appearing hereafter are 
assumed to incorporate in some way the effect of NROs in which the substitution 
24^^ —7- f24 is made. Indices are attached to these effective couplings consisting in 
the sequence of flavour fields in the effective renormalizable operators in which these 
couplings appear. We have used however Y and Y^ , and not Y^q and Yj^^, for 
the couplings that exist also in the MSSM, such as Yd and Ye- In a similar way, 
Yjj will be used later instead of Yjjq. 

Specifically, up to O(s^), the couplings Yf are 

yIq = y'-\ll {\clo - Icli) s + 0{s% (3-8) 

from which, being Y^ — Y^ = ^ (5/6)C^qS, it becomes clear that only one NRO of 
dimension five, that with coefficient Cf q, is sufficient to correct the wrong fermion 
spectrum of the minimal model. Once this is introduced, however, it is difficult to 
explain why the other NRO of dimension five, as well as NROs of higher dimensions 
in Op^ should be absent. We keep our formalism as general as possible and postpone 
to later the issue of the level of precision in s that it is reasonable to require. 



6 f 1 1 1 1 

5 r 3'~2'"^3'~2 



6 r 1 1 1 1 

5 1 ~2'~2'"^3'"^3 



[i = d,e,du,lq). 



(3-7) 



*) At the GUT threshold, the MSSM couphng Ye has to be identified with {Y% )^. 
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It is easy to see from this expansion that, for each element {h,k), the effective 
couphngs satisfy the conditions: 



{h,k) 



Y% + Y 



5 

LQ 



<0{s) 

2\ 



D,E,DU,LC 



(3-9) 



This last combination vanishes exactly if only NROs of dimension five are introduced. 
We refer to these relations as the 0{s)- and C'(s^)-constraints. They help fixing, 
respectively, the 0(1) and 0{s) contributions to the effective couplings Yf, proving 
themselves a very useful tool in selecting the appropriate boundary conditions for 
the various Yf. Notice that there are no C'(s^)-constraints. These constraints, like 
all the others listed in this section, as well as those in Sees. 16.11 and 17.11 for effective 
trilinear couplings, are derived in SU(5)-symmetric bases. 

The effective renormalizable operators induced by Op^^, with effective couplings 



labelled by the index j = {u,ue,qq}, are 



If^Y^QHu, 



U^YlfEE^Hg, 



-^QYqqQHjJ. 



(3-10) 



Because of its complexity, we refrain in this case from giving general expressions of 
the effective couplings Y^^ in terms of the coefficients appearing in Op^^. We give 
explicitly only the expansion up to 0{s'^), the counterpart of Eq. ()3-8p for Yf: 



^ u 



^ QQ 



-10 

UE 



ylO _ 



5 V2 
6/1 



5 V3 
^ (3 



(3-11) 



The effective coupling Y^q is symmetric, whereas Yjf and Yjj^ have both a sym- 
metric and an antisymmetric part. 

The corresponding 0{s)- and C'(s^)-constraints for these couplings are 



[Yf 
' QQ ~ 



' f J ih,k) 



10 \S 



(yI^e) 



{h,k) 



2iYhy-{Yh%y 



{h,k) 



< 0{s) {j,j' = U,UE., 



(3-12) 



where, as in the case of the effective couplings Yf, the left-hand side of the two 
0(s^)-constraints vanishes identically if NROs of dimension six and higher in Op^^ 
are vanishing. Also in this case, the 0{s)- and 0(s^)-constraints fix or help fixing 
the contributions of 0(1) and of 0{s) to the effective couplings Y}j^, for which there 
are no 0(s^)-constraints. 
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Nonrenormalizable operators in the seesaw Yukawa sector are less relevant than 
those discussed until now, which can give 0(1) corrections to the Yukawa couplings 
of first- and second-generation fermions. Since in this context we expect the renor- 
malizable Yukawa couplings in the seesaw sector to be rather large, NROs with 
"natural" coefficients < 0(1) turn out to play subleading roles. That remains true, 
of course, as far as s is ~ 10"'^ and the seesaw scale is '-^ 10^^ GeV. (The situation 
could, however, change if the values of s and/or of Mgsw were modified even by a 
not too large amount.) We consider, nevertheless, NROs also in the seesaw sectors, 
in order to have a description of all NROs relevant for fiavour violation at the same 
order in s. 

By inserting powers of the field 24// in the first term of I^rhn in Eq. (|2-46|) . we 
obtain the class of operators Op^^ relevant for the seesaw of type I: 

T 



Op^^ = - E iV^ Cr^) 5m (^) 5h, (3-13) 

n=0 ^ 



with C|5^'^ = Y^. We do not include NROs for the mass term {1/2)N''MnN''. 
After the substitution 24|^ — )• U24, Op^^ decomposes in the effective renormalizable 
operators: 

N'Y'^LHu, -N'Y\i,D'H^, (3-14) 



with effective couplings defined as: 

k k 



Y\ = Y.^i\n = Y.^n'sm-hJ,r {h = N,ND), (3-15) 



n=0 n=0 

in which the hypercharge factors in {I^u)h are 

^-^^n)h = \[\[-\^^] {h = N,ND). (3-16) 
Thus, up to O(s^), Y\ and Y\j^ have the very simple expression: 

and must satisfy only one constraint: 

There are no 0(s^)- and 0(s^)-constraints on the effective couplings Y'\, while 
0(s^)-constraints exist in the case of the other two seesaw types. 

The treatment for the seesaw of type II and III is not explicitly reported here, as 
it is completely straightforward. As in type I, only the first interaction term in H^ish 
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and the first in W24M ai^e generalized to the classes of operators Op^^ and Op ™. 
We neglect NROs for the other two terms in PV24M because they involve only heavy 
fields. The same is true for the terms MislS/flS// and A15 15/^24// in W^ish- We 
actually neglect NROs for all terms of VFish, except for the first one, as they do 
not contain fiavour fields. The small modifications that NROs would induce in the 
couplings of the terms involving the fields 5h and 5h in are of no consequence 

for our discussion of sFVs. (See also Sec. 13.21 ) 

The picture of effective Yukawa couplings is particularly appealing because, for 
a given value k taken as upper limit of the sums in 

Op^^ Op^^, and Op^\ only 
few linear combinations of the many coefficients, C^^^ and C^^j in 

these sums are physically relevant. These are the four, three, and two combinations 
defining Yf, Yj^, and Y\, respectively. For example, for the effective couplings 
Yf, the number of these combinations, four, is smaller than the number obtained 
summing the number of couplings of the minimal model, one, i.e. Y^, plus the 
number of coefficients of the relevant NROs up to dimension 4 + k. This is true 
except in the cases A; = 0, 1. For k = 0, there is only the original coupling of the 
renormalizable operator, Y^, versus the four effective couplings Yf, giving rise to 
three C(s)-constraints. Similarly, for k = 1 there are three original couplings, Y^, 
Cfg, Cqi, versus four effective couplings, inducing one C'(s^)-constraint. Clearly, 
there are no C'(s^)-constraints, as the number of original couplings exceeds already 
the number of effective couplings. The same reasoning holds for the other two types 
of effective couplings Y^^, and Y\. 

The possibility of incorporating the effects of NROs in the classes Op^, Op^^, and 
Op^^ (as well as Op^^^ and Op^™) of dimensions large enough could be particularly 
important in models with s > 10~^. 

The main question here is whether it is possible to promote this picture to the 
quantum level. If this were the case, at least to a fixed order in s, one could think of 
substituting the theory containing NROs with a theory including only renormalizable 
operators mildly but explicitly breaking SU(5), except in the gauge sector. The two 
theories would give the same low-energy predictions, up to tiny corrections due to 
terms in which, being the field 24j^ dynamical, the huge 1/Mcut suppression is not 
compensated by ^24- In such a case, the contributions to sFVs coming from both, 
seesaw operators and NROs would be automatically calculated making use of RGBs 
for the effective couplings. 

This issue will be discussed in Sec. 110. li We anticipate however, that in general 
there are some flaws in this way of reasoning. To begin with, there exist other 
superheavy mass parameters in ^ such as M5, that can compensate at the 

loop level the huge suppression coming from powers of 1/Mcut, as much as ^24 does. 
Therefore, the assumption that the dynamical part of the field 24// can be neglected 
when considering low-energy physics is, in general, not valid. Second, also NROs that 
do not depend on the field 24// and that seem naively too suppressed to be of any 
relevance for low-energy physics, except for proton decay 0, can induce corrections 
to the Yukawa couplings at the quantum level. Nonrenormalizable operators of this 



They could have other cosmological consequences such as those discussed in Ref. 16ip . 
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type are for example those in the proton-decay class 0: 

Op""" = E J- (^™)'^^' (10m).(10m).(10m),(5m). (^T . (3-19) 

^ cut V cut/ 

(See details in Appendix |X] about the actual form of this class of operators.) 

For the remainder of this section we shall continue the survey of the different 
NROs in the SUSY-conserving part of our model, irrespective of how they should be 
treated at the quantum level. 

3.2. NROs in the superpotential Higgs sector 

In addition to the NROs listed above, there are also NROs in the Higgs sector: 

n=0 ^ ^^^^ 

Op^^"=Ml, 'f C:^..,„^,..n;^Tr(^T\ (3-20) 

where it is C^" = M^/Mcnt, = A5, in the first class of operators, and C"^"^" = 
M24/Mcut, Cl^" = A24, in the second one. Effective couplings can be defined also 
in this case. For example, there are two effective couplings {M^)p {p = HffH§,HuHa) 
for the two operators in Eq. ()A-8p in Appendix [Aj and six couplings (As)^ {q = 
h§GhH%,--- ,HuBHHi), for the six operators in Eq. (|A-9p . We do not give here their 
expressions in terms of the original couplings C^" . These can be easily obtained as 
follows: 



Q ^nrMSSU(5) 

5)HuHd — 



OTiAnrMSSU(5) 



dOp^H 



dOp^" 



2424^1,24 



2424^^24 dHudBndHd 



(3-21) 



where ]^^'''^^^U(5) ^j^^ Higgs sector superpotential completed with NROs. 

In general, NROs in the Higgs sector induce small shifts in the vacuum condition 
discussed in Sec. 12. 2t unless the trilinear coupling A24 is small. In this case, NROs 
can drastically modify the vacuum structure,'® even sizably increasing the value of 
t;24. In turn, the factor s also increases, and the effect of NROs on low-energy physics 
can be significantly enhanced. We keep away from such a possibility by assuming A24 
to be of 0(1). Thus, the effect of Op^'^ and Op'^^^ is that of producing small shifts 
in massive and massless parameters in the Higgs sector by ratios of 0{s), and the 
vacuum structure of the minimal model can be regarded as a good approximation 
also when NROs in the Higgs sector are nonvanishing. We neglect these effects, which 



*-* If its coefficients are unsuppressed, the dimension-five operator in tliis class induces a too 
large rate for proton decay!®' 
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introduce only small flavour-blind shifts in sFVs induced by Yukawa couplings, and 
in the same spirit we neglect also the effect of NROs in the purely-Higgs-boson sector 
of the seesaw of type II. (See also Sec. IIU.II ) 

Before closing this section, we would like to emphasize that, irrespectively of 
the value of A24, the introduction of NROs in the Higgs sector would not jeopardize 
the validity of the RGEs in Eq. ()2-27p for the modified vevs, written in terms of the 
modified 724 and 724. As shown in Appendix [Cl the RGEs in this equation hold 
quite model-independently. Thus, the approximation made here plays no role on 
whether the picture of effective couplings can be maintained at the quantum level. 

3.3. NROs in the SUSY- conserving part of the Kdhler potential 

One of the lamented problems when dealing with NROs is that they spoil the 
usual requirement of minimality of the Kahler potential. Indeed, NROs such as: 

Opt = Y.~^MC^,i'^'[jf-) 51,, (3-22) 

m=l ^ cu / 

0.£^ E 5««'(0(l£r5M. (3-23) 

n + rn.= 2 
n,m ^ 

their Hermitian conjug ates, (Opgp*, (Opf^^)*, as weh as NROs as0 

il/M,^t)5*HlOMfi5M, (/2/M2^t)5Xfl0l,10Af5M, (3-24) 

do precisely that. In addition, even if accidentally vanishing at the tree level, they 
are induced at the quantum level by interactions in the superpotential. 

In a basis with canonical kinetic terms at the renormalizable level, in which the 
renormalizable operator 5m 5^,/ has a coupling equal to the unit matrix, the coeffi- 
cients of NROs in Op^^'^'^" , Op^^'^'^' , and /i, /2 are in general flavour dependent. 
Indeed, by postulating a nontrivial flavour structure of the coefficients in Op^, Op^^, 
etc. in the superpotential, we have already assumed that the unknown dynamics 
generating NROs depends on flavour. 

Nonrenormalizable operators of the first type, with only one antichiral or only 
one chiral superfield, can be reabsorbed by field redefinitions: 

5m ^ 5m - ^ {C^,t) * (^r^M + • • • . (3-25) 

n=0 cut/ 

Once this is done, however, it is impossible to reabsorb those of the second type 
through super symmetric field redefinitions, which must preserve chirality. Thus, 
NROs of the second type, in general, cannot be avoided. The deviation from mini- 
mality that they produce is, however, at most of 0{s^). 



For the coupling /2 we omit both SU(5) and flavour indices. 



26 



F. Borzumati and T. Yamashita 



We do not try to control in this framework the loop effects of such NROs, of 
X Sloop); where sioop is the usual loop-suppression factor: 

1 

Sloop = (3-26) 

accidentally of the same order of s, but, possibly, smaller in models in which Mgut 
and Mcut differ by less than the usual two orders of magnitude. This is because, 
as will be discussed in Sec. [lOl the picture of effective couplings at the quantum 
level can be retained if we restrict ourselves to an accuracy of 0{s x sioop) for the 
calculation of sFVs. Thus, NROs of dimension six can contribute to sFVs, but only 
at the tree level, whereas those of dimension five contribute also at the one-loop 
level. 

Among the surviving dimension-six NROs, with more than one chiral and more 
than one antichiral superfield, those consisting only of light fields are completely ir- 
relevant. The operator (/2/M^^t)5^10^10M5M5 in Eq. (|3-24p . for example, violates 
baryon number. Its contribution to the proton-decay rate, however, can be safely 
neglected since it is much smaller than those from the dimension-five NROs in Op^^ , 
and from effective dimension-six operators induced by the exchange of SU(5) gauge 
bosons, which have a suppression factor instead of l/M^^^. 

Other dimension-six NROs containing a pair of one chiral and one antichiral 
dynamical field 24// can only affect GUT-scale physics, at least at the tree level, 
and are, therefore, irrelevant for our discussion. The same NROs in which the two 
fields 24// are replaced by the scalar vev ^24, can certainly be removed by SU(5)- 
breaking field redefinitions. Whether this is true also in the case in which one or 
both fields 24// acquire the vev F24 will be discussed in Sec. El (See in particular 
Eqs. (|8^ - (|8^ .) 

§4. Parameter counting for effective Yukawa couplings 

The high-scale boundary values of the SU(5)-breaking effective Yukawa couplings 
must be selected in a large space of free parameters. For a correct counting of 
the number of those that are physical, it is convenient to express the matrices of 
effective Yukawa couplings in terms of their diagonalized forms and rotation matrices. 
Like the CKM matrix in the SM, only the matrices of mismatch between different 
rotation matrices are of physical relevance. Possible parametrizations for them will 
be discussed and the role that they play for sFVs will be highlighted. 

For simplicity, we neglect NROs in the seesaw sector, as their effect, compared 
to the renormalizable ones with couplings of is expected to be much smaller 
than in the 5m and IOm sectors. The generalization to the case in which they 
are nonvanishing is straightforward and does not add any insight to this discussion. 
Moreover, when considering seesaw couplings, we concentrate on the seesaw of type I. 
Those of type II and III can be dealt in a similar way. 

We start by reviewing in more details the case of the MSSM(5) model, already 
outlined in Sec. 12.11 and Appendix iBl 
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4.1. Limit s — )• 

In the case of vanishing NROs, rotations of the fields 10m and 5m ahow the 
reduction of and Y^^ to the form they have in Eq. (|2-4p . whereas a reduction of 
the independent parameters in the seesaw couphngs is not possible: 

Y^^ — ^ -f^CKM ^""^^-PlO-f^CKM, 

^e'^^Y^Pi. (4-1) 

Thus, in addition to the three real and positive elements in each of the matrices 
Y^ and Y^^, the four independent parameters of i^cKM, and the fifteen elements in 
yj, together with the three eigenvalues M^, all present also in the MSSM with a 
seesaw a type I, there are also the five physical phases in Pio, Pi and (pi. 

Once we decompose in their SM representations the two Yukawa operators of 
the minimal model, and that for the seesaw of type I, and we denote as Y^ {i = 
d,e,du,lq), Yj^^ (j = u,ueqq), and Y^ {h = n,nd) the couphngs of the resulting 
operators (they are the couplings of Eqs. p-5p . ()3-10p . and ()3-15p in the limit of 
vanishing NROs), these additional phases can be moved to the Yukawa operators 
involving only colored Higgs triplets. Rotations that break SU(5) are obviously 
needed to achieve this. (See Eqs. (j2-6p and (j2-47p .) We move then to a basis in 
which the Yukawa couplings for the 5m and 10m sectors can be parametrized as: 

Y^, Y^jj — )- y^iC^j^^Pj'^Q, 

y^o ^ yio^TcKM, Y^% ^ e^^iyio^CKM^i, 

and those in the seesaw sector of type I (after diagonalization of the Majorana mass 
Mtv) as: 

Yk ^ Yl, y^^ ^ e^'^iyJPi. (4-3) 

The determination of the boundary conditions at Mcut is, in this case, quite 
straightforward, if we ignore the charged lepton couplings. We fix the low-energy 
values of Yd, Yjj, and i^cKM from low-energy experiment. We renormalize these 
couplings upwards making use of the RGEs listed in Appendix lEl 

At Afssw, the seesaw degrees of freedom are switched on: RHNs, in the case 
illustrated here. Unfortunately their coupling Y^ is not fully known. (See Eq. (|2-45p .) 
The arbitrariness by which yj is plagued opens up new directions in the parameter 
space of the problem, which can be surveyed by scanning over values of the unknown 
quantities, at least in principle. 

At the GUT threshold, the superheavy fields are introduced. We move to a basis 
in which the Yukawa couplings involving only light fields, which we call now y^, y^, 
Y^^ , and Yj^, are as on the left columns of Eqs. (|4-2p and (|4-3p . with yj identified 
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to y^, and yj a fifteen parameter matrix. The couplings involving superheavy 
Higgs fields, Y^jj, Y^q, Yjj^, Yqq and Y^j^ are then as on the right columns of the 
same equations, in which we have fixed the arbitrary phases Pio, -Pi, and (pi. All 
fields must then be rotated from this basis to one SU(5)-symmetric, that is, one in 
which they can all be accommodated in the two SU(5) multiplets 5m and 10a/, with 
couplings for the Yukawa operators given by only three Yukawa couplings, Y^, Y^^, 
and y^. The basis in which these couplings are those of Eq. ()4Tp is reached with 
rotations opposite to those in Eq. (j2-6p . in which (pi and Pi are (pj and Pi, respectively. 
The resulting Yukawa couplings can then be finally evolved upwards through RGEs, 
whose solutions at Mcut provide the high-scale boundary conditions for our problem. 



4.2. Nonvanishing NROs 

When NROs are present, the rotation matrices needed for the diagonalization of 
different effective Yukawa couplings induced by the same class of NROs are no longer 
common, and the elimination of unphysical degrees of freedom is more involved. 

The effective Yukawa couplings and 



Yj are diagonalized as: 



Y^ 



-1^10 

j 



(j 



d,e,du,lq), 

■ U,UE,i 



(4-4) 



^5 ^5 ^10 

with the elements of Y ^, Y^, and Yjj giving rise to the correct fermion spectrum, 
i.e. diag{yd,ys,yb), diag(ye, y^t, yr), and diag(y„, yc, yt), respectively. We have left 
the labels 5 and 10 in the diagonalization matrices V5 j, Viqj, and Wiqj as a reminder 
of the case without NROs. The matrices W^i'oj were introduced because the couplings 
Yjj and Yjj^ are, in general, not symmetric. For j = qq, it is W[qqq = Wiqqq- 

Two of the rotation matrices in Eq. ()4-4p can be absorbed by SU(5)-symmetric 
field redefinitions of 10m and 5^/ similar to those made in the case of vanishing NROs. 
We choose to eliminate V^qj^ and V^^. We also rotate away the phases P^q^ and P^q'^ 
that appear in the parametrization of the product of diagonalization matrices from 
which emerges now the CKM matrix: Uqkm 
We obtain: 



PSKcKMP[^e''t>- 



3 



{AVlfYUvl, 



10 i 



y j Pw 



{i = d,e,du,lq), 

(j = U,UE,C 



where the ten matrices of diagonalization mismatch, besides i^cKM; are 



(4-5) 



^4 


- p(2)tT/t T/ p(2) 




= d,du,lq), 




- p(2)T/t T/ p(2)t 


{i 


= e,du,lq), 




- p(l)tTT/t TT/ p(l) 


U 


= u,ue), 




- p(i)h/f/t w p(i) 

- -^10 ^loj^wuPio 


U 


= ue,qq). 



(4-6) 
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Notice that ^^V^^, AV^^jj, and AW^^^jj are not included in this hst, because they 
are trivially equal to the unit matrix. In addition, since W^^qq = Wiqqq, it is 

AW^QQQ = AwIqqq. In the limit of vanishing NROs, all these mismatch matrices 
reduce to the unit matrix. 

All ten of them seem necessary in order to parametrize the effective Yukawa 

^5 ^5 ^ 10 

couplings Yf and Y^^, together with Y j^, Y^, Y^ , and Kqkm, and the diagonal 

^5 ^5 ^10 ^10 

matrices Yj^jj, Y ^q, Yjj^, and Yqq, also unknown, at least at 0{s). As shown 
in Appendix [Bl in a basis in which the Majorana mass is diagonal, the Yukawa 
couplings for the seesaw sector are parametrized as: 



N 



ND 



(4-7) 



where is the coupling of the minimal case. 

It is easy to see, however, that in a basis reached through SU(5)-breaking rota- 
tions, in which l^f), Y\ 
MSSM with a seesaw sector of type I: 



Y]j , and Y\ match the corresponding couplings of the 



D 



Di 



' u 



N 



^ 10 

Kqkm, 

yL 



(4-8) 



fewer matrices are needed to parametrize the remaining couplings: 



^ DU 



V5 
' LQ 

' UE 



^ QQ 



AV^^^AV.D 



'y' 



DU 



AV, 



K}~,t^T,,AWiq IjPlQ 



-t<pl 



J<t>i 



Aw: 



't 



WUE 



AWi 



LQ 

T . 



lOU 



■10 
UE 



AWIq^jj^KckmAViqePi 



.10 



^^lOQQ^CKM 



(4-9) 



Notice that the mismatch matrix AV^ o was not eliminated, but only shifted to the 
seesaw sector: 



ND 



e'<f>iYlPiAV^D- 



(4-10) 



It turns out to be directly responsible for breaking the correlation between the 
seesaw-induced sQFVs and sLFVs of the minimal model. The shift described here is 
not peculiar of the seesaw of type I, but it is common also to the seesaw of types II 
and III, which have at least one operator coupling the field D'^ to a seesaw-mediator 
field. 

In this basis only eight matrices in addition to -R'cKM ai'e sufficient to parametrize 
all Yukawa couplings, compared to the ten needed in the basis of Eqs. (|4-5p and (|4-7p . 
The remaining two matrices are shifted from the Yukawa sector to the interactions of 
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the fields X and X in the gauge sector, which do not affect the physics studied here. EE 
Since the RGEs have a covariant form under flavour rotations and their results do 
not depend on the basis chosen, the dependence on these two matrices present when 
working in the previous basis (obtained without SU(5)-breaking rotations) will have 
to drop out of the RGEs results. 

In this analysis, we consistently use the basis in Eqs. ()4-5p and ()4-7p . This is 
because, m the basis of Eqs. (jM]), <SMi and (|¥T(1 . the 0{s)- and C'(s2)-constraints 
stop having the simple form they had in bases obtained without SU(5)-breaking 
rotations, in which they were derived, and depend, in general, on the mismatch 
matrices eliminated to obtain Y^j^, Y^^, Y^j, and Y]^ in the basis of Eq. (j4-8p . 

The determination of the boundary conditions of the effective Yukawa couplings 
at Mcut differs from that for the couplings of the minimal model in the following 
way. To begin with, Y^, Y^j-), Y^f and Kkcm are taken as low-energy inputs to 
be evolved up to MguTj with the seesaw threshold dealt as in the minimal case, 
by introducing the coupling yj. At MquT) the resulting couplings are matched to 
Y^, Y^, Yjj of Eq. (|4-5p . by choosing three arbitrary unitary matrices for AV^j^, 
AVioj,, and AW^Q^. The seesaw coupling Y]^ is obtained from yj attaching to 
it three arbitrary phases. Similarly, the couplings Y^jj, Y^q, Yjj^, and Yj^q, 
parametrized by seven mismatch matrices and four diagonal matrices of couplings, 
are arbitrary. The only restriction in their selection is that, together with Y^, Y^ 
and Yjj, they satisfy the 0{s)- and 0(s^)-constraints of Eqs. ()3-9p and ()3-12p . Since 
NROs were omitted in the seesaw sector, the coupling y]vD coincides with Y]^. (If 
included, it would differ from it at 0{s), as shown by Eq. (|3-18p .) All these couplings 
are then evolved up to Mcut- 

Here, the boundary values for the soft terms are picked up and the full set of 
RGEs is evolved downwards. At the GUT threshold the two theories, the MSSU(5) 
with NROs and the MSSM, both with a seesaw sector, are matched again by per- 
forming SU(5)-breaking rotations that brings Y^, Y^, Yjj back to the form they 
have in Eq. ()4-8p . In particular, the field is rotated as: 

= {pIAd)D''. (4-11) 

The following evolution downwards is that of the MSSM with one of the three types 
of seesaw. At the electroweak scale further rotations must be performed to extract 
the low-energy physical parameters. These rotations bring the Yukawa couplings to 
have, for example, the form on the right-hand side of Eq. ()4-8p . Strictly speaking, the 
SU(5)-breaking rotations at Mqut, including that of Eq. (j4Tip . could be avoided, 
having only the final rotations at the electroweak scale. By doing this, the typical 
GUT degrees of freedom that are unphysical below Mqut are not eliminated and they 
are formally included in the RGEs below this scale. Since the RGEs are covariant 
under unitary transformations, however, unphysical parameters do not play any role 
in the running, and the RGEs solutions do not depend on them. The dependence 

*' They do affect the physics in which the gauge bosons X and X play a role, as for example 
proton decay, which can proceed through dimension-six operators induced integrating out these 
gauge bosons. See remark at the end of Sec. [S] 
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on the matrix Ad is then recovered at M„eak; when the low-energy rotations are 
performed. 

The procedure outhned here is conceptuahy clear, but the large number of un- 
known matrices to be specified makes the problem very difficult to handle. It is 
possible, however, that there exist some limiting cases, in which the number of pa- 
rameters needed to specify these unitary matrices is smaller than the usual three, for 
angles, plus six, for phases. For example, some of the phases may be rotated away. 

Before tackling this issue, we pause for a moment to compare our case with that 
of Ref. Unj), where only one NRO is introduced Rl. In the SU(5)-symmetric basis, the 
effective Yukawa couplings are in this case 

yf = Y^ + CI,S{I-,J, {i = D,E,DU,LQ), 

ylO ^ Yl^=Y'<' {j = U,UE,QQ), 

denoted with calligraphic symbols to distinguish them from the general ones. The 
couplings coincide with those of the minimal model and are all symmetric ma- 
trices. Thus, all matrices W[qj and M^/oj coincide with the rotation matrix of 
the minimal case, and the mismatch matrices /AW^q^- and AwIqj are trivial: 

Z\I^^0^• = ^^lOi = 1 = ^'UE,QQ). (4-13) 

Moreover, as the values of in Eq- (|3-7p show, only two of the effective couplings 

y^ {i = d,e,du,lq) are independent: 

yl = ylu, y^E = ylq- (4-i4) 

The first of these two equalities implies that V^^-, = V^^jj and V^/qd ~ ^lODC/' 
second that V^^ = V^^g and V^q^ = V^iqlq- Therefore, not all mismatch matrices 
are independent or nontrivial. Indeed, it is: 

The reduced form of these effective Yukawa couplings after SU(5)-conserving and 
SU(5)-breaking rotations can be easily obtained by simplifying the corresponding 
ones of the general case by using all these conditions. It is easy to see that, in this 
case, two are the mismatch matrices needed to parametrize the effective Yukawa 
couplings: AV^^ and AV^q^, multiplied by some phase matrices. In addition, no 

^5 ^5 ^10 ^10 

arbitrariness exists for the boundary conditions of yDtj, y lqi yuEi ^'^d i^gg, which 
are linked to 3^^), y^, and Y^^ , fixed by low-energy data. 



*' All NROs of dimension five in Op^ , Op^^ , and Op^^ are discussed in Ref. I19|) . Only one of 
them, however, the operator with coefficient Ci o in Op^ , is actually considered when counting the 
number of arbitrary but physical parameters introduced by NROs. 
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The apparent simplicity of this case, should not be deceiving, as the number of 
parameters that it involves is large. To show this, we parametrize ^V^jy and AV^q^ 
as usual: 



t 



AK 



5D 
t 



^ ' 



WE 



't 

'E-^ E 



(4-16) 



with CKM-like matrices Ke and K^, and we express the effective Yukawa couplings 
and y]^ after SU(5)-breaking rotations as: 



y 



yl 
y% 



CKM-^IO' 



3^^ 



LQ 



UE 
10 



y. . 

whereas the seesaw couplings get the form: 



(4-17) 
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The matrix A^ and have the form: 



A\ 



E ' 



Ad = {PiPg^^) KoP)^ 



,(i)t 



(4-18) 



(4-19) 



When compared with Eqs. (j4-2p and (j4-3p . these equations show that by intro- 
ducing only one NRO the number of physical parameters increases by two CKM-like 
matrices, Ke and Kd-, three P-type phase matrices, with two phases each, and one 
overall phase, for a total of nine phases and six mixing angles. If we add also the 

three eigenvalues that distinguish now 3^£, from y e, the number of new physical 
parameters sums up to eighteen, which is the number of parameters of the complex 
matrix Cf q. That is, all the new parameters due to the NRO introduced in this case 
are physical. This is, however, not true in general, when more NROs are present. 

4.3. Mismatch-matrices approximation 

An approximated parametrization of the mismatch matrices, with a consequent 
reduction of the number of physical parameters, can be obtained when i) tan /3 is 
large, and ii) s does not exceed the value of ~ 10~^. This approximated parametriza- 
tion is valid irrespective of the number of NROs introduced. 

In the basis of Eqs. (j4-5p and (j4-7p . it is easy to obtain from the 0(s)-constraint 
in Eq. ([Ml), with i = D <mdi' = E, thatP* 



< 



Vb 



(^^lU)(fc,3) 



< 



(h, k ^ 3). 



(4-20) 



For the derivation of these inequalities we have made the approximation (l^^)jj = 

^ 5 

(Yjy)ii, since the differences between these Yukawa couplings do not affect our es- 
timate. We recall that all 0{s)- and C'(s^)-constraints were derived in an SU(5)- 
symmetric basis. Since for s ~ 10^^ it is s/yt, s/yr ~ 1/ tan /3, we conclude that, for 



MSSU(5) with NROs 



33 



relatively large values of tan/3, the elements (1,3) and (2,3) of the matrices AV^ 



and AV^Q^ are small, whereas the elements in the upper-left 2x2 sub-block are 
unconstrained. 

Thus, in this limit, the matrix AV^^ has one mixing angle only and four phases 
and we express it as: 



5D 



AV. 



5D 



(1)1 



(2) J<t>D 



(4-21) 



where is one of the usual two-phase P-matrices, K£)\^ and P}^'\2 are, respec- 
tively, a 3 X 3 orthogonal matrix and a one-phase diagonal matrix with det P^ 
of type: 



(1)1 
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— sin 6 


02 
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0^ 
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(1)1 
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02 



1 / 



(4-22) 

The symbol O2 denotes here a two-component null vector. Clearly, we could have 



also chosen to parametrize AV^j^ as: 



AV. 



5D 



P, 



(2) 'I 



(4-23) 



The two parametrizations can be reduced to each other because a two-phase P- 



matrix can always be decomposed as: P^ 

^(^ 

D 



(2) 



shown in Eq. and pf^ 



p(8) p(2)/ 



2, with P^^^'l 



of the type 



diag(e*'''D ^e^'^o ,e ''o ), which obviously commute 



with KJ^\^. 

The matrices Z\Jj and Z\g, then, can also be expressed in either one of these two 
forms. An explicit parametrization of /Id is 

\ 
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(4-24) 



The same type of approximated parametrization is also possible for all the mis- 
match matrices in Eq. (j4-6p . This can be seen by making other SU(5)-symmetric 
rotations through the mismatch matrices on which we want to extract information 
and applying the relevant 0(s)-constraints. For example, with the SU(5)-symmetric 
rotation 5m — ^ AV^lq ^m, it is possible to remove (AV^^q)'^ in the expression for 
Y^Q in Eq. (j4-5p , reducing it to the same form that had when we derived the in- 
equalities of Eq. ()4-20p . The role that AV^^ had then is now played by AV^^AV^ lq- 
Thus, the C'(s)-constraint in Eq. (j3-9p with i =D and i' =LQ, gives: 

{AV^^AV,LQ)i3,h) " ' ' ' 



Vb 



(^^10LQ){fc,3) 



<- (/i, A;/3), 

Vt 



(4-25) 



which allows us to conclude that also AV^ lq and AViq lq can be parametrized in the 

same way. We have used here iY LQ)ii — (X D)ii- the corresponding approx- 

imation made for Eq. (j4-2Up . the differences between these elements are irrelevant 
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for this estimate. Thus, the same procedure can be iterated for the other mismatch 
matrices in Eq. (j4-6p . showing therefore that in the hmit of s not larger than 10~^, 
all the AV^i and AV^q^ are of the same type, if tan /? is large. However, no clear 
hierarchy exists among the different elements of these matrices when tan /3 is not 
really large, even for values such as tan /3 < 10. The same parametrization is valid 
also for the mismatch matrices AwIqj and AW[qj, but in this case, irrespective of 
the value of tan /3. 

It should be stressed that the approximated form of the mismatch matrices is 
indeed an approximation. The elements (1,3) and (2,3) in these matrices are not 
vanishing, but small: all elements in these matrices are in general modified by small 
first-third and second-third generation mixing angles that are bounded from above 
by s/uh, s/ur, or s/yt- Moreover, they are not even small in absolute, for example 
when compared to the corresponding elements of the CKM matrix, but they are 
small with respect to the element of the MNS matrix. As will be discussed in Sec. [TTl 
however, the fact that the elements (1,3) and (2,3) in these matrices are small in the 
sense discussed here does not imply that the first-third and second-third generation 
flavour transitions in the scalar sector are not affected by NROs. 

When applied to the case in which only one NRO is introduced, this approxi- 
mation reduces the number of arbitrary mixing angles to be specified at Mgut from 
six to two.l^ The number of arbitrary phases in addition to the five already present 
in the minimal model, is five, one of which is an overall phase. 

We would like to emphasize here that the case of only one NRO, that of dimension 
five with coefficient q in Op^ls is somewhat special. If the second of the two NROs 
in Op^ls with coefficient Cq ^ is introduced, the number of physical mismatch matrices 
increases to four. This can be seen by taking Z\VF{q^- = AW^qj = 1, for all j, in 
Eqs. (|4-8|) and (|4-9|) . and by using the C'(s^)-constraint of Eq. (|3-9|) . Even when the 
approximation discussed here can be applied, there are still four arbitrary mixing 
angles to be inputted at Mqut, together with a fairly large number of phases. 

We do not attempt counting them in this case, nor in the general one with ten 
mismatch matrices. Given how large the number of independent parameters is, these 
exercises are not particularly significant, at least at this stage. Indeed, it remains 
to be seen whether the constraints induced by the suppression of the proton-decay 
rate affect the form of the mismatch matrices. If these constraints do not reduce the 
number of arbitrary physical parameters, it is difficult to imagine the feasibility of a 
phenomenological study of sFVs that attempts to include all of them. Nevertheless, 
these matrices are not all at the same level when it comes to the modifications that 
they bring to the seesaw-induced sFVs. Thus, one reasonable simplification may be 
that of selecting specific directions of the very large parameter space opened up by 
the various mismatch matrices where these modifications are largest. 

§5. Proton-decay constraints on mismatch matrices 

As is well known, colored Higgs fields, even with a superheavy mass of ©(Mqut) 
give a too large contribution to the SU(5)-breaking dimension-five superpotential 
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operators: 



W. 



PD 



Mffc 



{ClELLf'\QhQ^)iLJQk) + 



{CKRKKf'\u'hEmDp^)] , (5-1) 



with the first ones, {QhQi){LjQk), known as the LLLL-operators, the second ones, 
{UjlEf){DjU^), as the RRRR-operators. The corresponding Wilson coefficients, be- 
fore and after the SU(5)-breaking flavour rotations of Eq. (|2-6p (or in the basis of 
Eq. (03])), are 



I'-'LLLLj ~ 2 ^ ^ 



{h,i) (^^) (i,fe) 





Y5 







PD \hijk 



(Crrrr) 



Y 



l{h,i) 



yd 



{h,i) 



^ -^CKM 



(5-2) 



We have neglected here overall phases and two-phase matrices, as we shall do 
throughout this section. Thus, in spite of being proportional to small Yukawa 
couplings (some of the flavour indices are of ffist generation), these operators are 
only suppressed by one power of l/M^c, inducing in general a too-rapid proton 
decay.'^"^''® This is in contrast to the dimension-six operators mediated by GUT 
gauge bosons, also inducing proton decay, which are suppressed by two powers of 
superheavy masses. 

Nonrenormalizable operators can be effective in suppressing the proton-decay 
rate because they can change the value of the Yukawa couplings involved in this 
calculation, without however altering the couplings that reproduce a correct fermion 
spectrum.SS'lS Once NROs are introduced, the dimension-five operators induced 
by triplet Higgs bosons is formally as in Eq. (j5-ip . but the Wilson coefficients C™ll 
and Cp^RRR are now replaced by boldface ones, Cllll ^^^^ ^rrrr; expressed in 
terms of effective Yukawa couplings Rl: 



, hijk 



ic 



llll; 

PD N ^^jk 
RRRR/ 



QQ){h,i) \ ^Q){j,k) 



(5-3) 



The additional flavour structure induced by the mismatch matrices present in the 
effective couplings, can be tuned to suppress them. How many NROs are needed 
for this suppression, i.e. at which order in s, the two series of operators Op^ and 
Op^^ can be truncated, is a question that requires a dedicated calculation, clearly 
beyond the scope of this paper. It is conceivable that the precision sufficient for the 
evaluation of sFVs, i.e. 0{s) in the effective Yukawa couplings, may not be adequate 
to slow down the decay of the proton. 

The tuning of the above Wilson coefficients can have an important feedback for 
the determination of sFVs. We can show this for specific values of ^ig, Y^dui ^QQ' 
and that were found in Ref. to provide acceptable proton-decay rates. In 



*■* In spite of the language of effective couplings used, the material presented here is independent 
of the way NROs are treated at the quantum level. 
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one of two cases studied in this reference (the second one), just below the GUT 
threshold, in the MSSM, these are 

Yqq = Yqq = diag(0,0,yt), 
Yh% = YuE = diag(0,0,yt), 

^ 5 

Ydu = ^DU = diag(yd - ye, Vs - V/,, Vb), 
YIq = yIq = diag(0, 0,2/0, (5-4) 
in a basis in which the effective Yukawa couplings Y^, Y^, Y^ areF^ 
= "^D = diag(yd,y^,y6), 

^ 5 

Yu = KcKM^u KcKM = -K'cKMdiag(y«,yc,yt)^CKM- (5-5) 

(The seesaw couplings do not play any role in this discussion.) 

Since they must be color antisymmetrized, the three Q's in the operators QQQL, 
two of which have the same SU(2) index, cannot belong to the same generation. 
Hence, the special form of Y^q and Y^q give a vanishing contribution to the coef- 
ficient Cllll. The contribution to C^^j^j^, in contrast, is nonvanishing. According 
to the analysis of Ref. HS]) . this ansatz leads to a decay rate of the proton smaller 
than the existing experimental constraints for tan /3 < 12, when the mass of the 
lightest stop squark, m^^, is ~ 400GeV, and the mass for the colored Higgs triplet is 

ofO(MGUT). 

We remind, however, that the calculation in this reference is based on the in- 
clusion of only dimension- five NROs in the classes Op^ and Op^^. Thus, a further 
reduction of the proton-decay rate, which allows to relax the bound on tan /3, can be 
achieved with a simple modification of the above ansatz, without having to increase 
the value of m-jr^. By adding NROs of higher dimensions in Op^, for example, which 
are practically irrelevant for the evaluation of sFVs, it is possible to tune the value 

^ 5 

of the element (1,1) of Y^jj in Eq. (|5-4|) to be vanishing. According to Ref. I45p. the 

^5 ^10 

simultaneous vanishing of the elements (1,1) of Yj^u and Yu^ is a sufficient condi- 
tion to obtain a contribution to the decay rate of the proton from RRRR operators 
also vanishing. (See the first ansatz used by the authors of this reference.) Clearly, 

it is sufficient to simply suppress the element (1,1) of Yjyjj and therefore to suppress 
this contribution, without having to make it vanish altogether. This is somewhat ir- 
relevant for the following discussion and, hereafter, whenever the effective couplings 

in Eq. ()5-4p are mentioned, it is assumed that the element (1,1) of Yj^jj is exactly 
vanishing. 

The basis in Eqs. ()5-4p and ()5-5p can be interpreted as a basis obtained without 
SU(5)-breaking rotations, as it satisfies the 0{s)- and C'(s^)-constraints of Eqs. (j3-9p 
and (j3-12p . Thus, a comparison with the effective couplings in Eq. (|4-5p . allows to 



We thank D. Emmanuel-Costa for confirming that this is indeed the basis used in Ref. 145 [I . 
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conclude that the all mismatch matrices are trivial, or the inverse of i^cKM (which 
for the purposes of this discussion is nearly trivial), and all additional phases are 
vanishing. This choice, of course, selects one particular point in the large space of 
parameters opened up by the NROs. In this case, the predictions for the seesaw- 
induced sFVs do not differ from those of the minimal model, with vanishing NROs. 

On the other hand, the light-field Yukawa couplings in Eq. ()5-5p can also be in- 
terpreted as obtained through SU(5)-breaking rotations. Then, the effective Yukawa 
couplings associated to the triplet Higgs bosons Y^jj 
complicated form: 



aa5 

^ LQ-> 



^QQ' have the 
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^ UE 
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AwIq^j^KckmAVioe 



^^lOQQ^CKM 



(5-6) 



where we have neglected phases, as this discussion has only demonstrative purposes. 
The identification of these coupling with those of Eq. ()5-4p requires now: 



AV5DU =AV5D, 
AVioDU = -^CKM^^10(7-^CKM, 
AV5LQ =AVioLQ = 1, 
^W{que = AWiouKcKM, 

AWiouE = KqkmAVioe, 

^W^IO QQ = KcKM, 



(5-7) 



which fixes three of the mismatch matrices. It leaves the others still undetermined, 
although with some relations among them, due to the existence of the 0{s)- and 
C'(s'^)-constraints for effective couplings. Since the simple form for these constraints 
given in Eqs. ()3-9p and ()3-12p applies to couplings in bases obtained without SU(5)- 
breaking rotations, we need to obtain the original set of effective couplings in the 
SU(5)-conserving basis from which those in Eqs. (|5-5p and (|5-6p emerge. To this 
end, it is sufficient to insert in Eq. ()4-5p the diagonal form of the effective Yukawa 
couplings in Eqs. (|5-4p and (j5-5p and the mismatch matrices in Eq. (j5-7p . This results 
in the following effective Yukawa couplings: 
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^ ^y^D Ynu, 




Y^ 
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^DU ^^10 




Y^ 

^ LQ- 
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for the 5m sector, and in: 



^ u 

' QQ 
' UE 



+ T 



10 



^CKM KcKM, 



(5-9) 



for the IOa/ sector. 

A considerable simpHfication can be made at this point by applying the approx- 
imation of Sec. l4.3l to the mismatch matrices. Having established that the limitation 
on tan /3 obtained when using the ansatz of Eqs. ()5-5p and (|5-4p can be evaded with 
some modifications, we can make use of this approximation, which is valid only for 
large tan /3, at least for some of the mismatch matrices. It becomes then a simple 
(although tedious) exercise to work out the expressions of the 0{s)- and 0{s^)- 
constraints. By neglecting the first generation Yukawa coupling and the CKM 
mixing angles, we obtain: 



- (Z\VioDC/)(i,2) Vc 



< 0( 



(Z^F5d)(i,2) { [l - (^^10W)(2,2)] Vs + (/^^lO DC/) (2,2) 2//^}! < ^(s')- (^-lO) 

For the typical values that the Yukawa couplings in these expressions have at Mqut i 
i.e. He ~ 10~^ and Us ~ y/x/3 ~ 10~^tan/3, the absolute value of {AV^d)(i,2) cannot 
exceed 0.1 for tan/3 > 10. Thus, the mismatch matrix AV^o, which coincides with 
Au of Eqs. (j4-lip and (|4-10p in the limit of vanishing phases, is approximated by 
the unit matrix, at least as much as Kqkm is. As a consequence, the predictions for 
sFVs induced by the seesaw couplings do not deviate substantially from those of the 
MSSU(5) model with vanishing NROs. 

The situation may be different if tan /? is small. In such a case, none of the 
three mixing angles of the mismatch matrix AV^ d needs to be small and the seesaw- 
induced sFVs may have patterns different from those observed in the MSSU(5) model 
without NROs. 

Moreover, we would like to emphasize that, it is not possible to claim at this 
point that the results obtained with the ansatz of Eq. ()5-4p are generic. This specific 
ansatz is claimed in Ref. [i5|) to be only a sufficient one to suppress the proton-decay 
rate, but not necessary. 

We have also observed that the inclusion of NROs with dimension higher than 
five tends to facilitate the suppression of the proton-decay rate. In contrast, the 
use of only one NRO made in Ref. ri9|) . i.e. that with coefficient Cf g in Op^, while 
adequate to obtain the correct fermion spectrum, may not be sufficient for this 
suppression. The two coefficients corresponding to the LLLL- and RRRR-operators 
are now 
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yE^VioE 



Y'^KckmAV. 
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(5-11) 
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Although a check should actually be made, the fact that only one mismatch matrix 
is present, AViqe, may render impossible to neutralize the effects of the dangerous 
products Y^^KcKM and K^^^Y^^Kqkm- 

One way to suppress the decay rate of the proton that does not affect the anal- 
ysis of sFVs (and that could solve the possible impasse in Ref. I19|) ) may be that 
of introducing NROs in the already mentioned class Op^^pSJ Naively thinking, the 
cancellation between the contributions from such operators and from the effective op- 
erators in W^Jl; seems possible. The operators in Op^^ have a stronger suppression 
than those in W^, as 1/Mjjc ~ I/Mqut is larger than 1/Mcut, but their coeffi- 
cients can be of 0(1), whereas C^^l ^rrrr (^^ ^^^^ ^llll Cp^p^j^j^), 
are suppressed by small Yukawa couplings and CKM mixings elements. An explicit 
check of such a possibility should be made. 

We would like to close this section with the following observation. If they are 
not reduced to be trivial by the tuning required to suppress the Higgs-triplet induced 
decay rate of the proton, some of the mismatch matrices may appear in the gauge- 
boson induced operators of dimension six that also induce proton decay. Their 
presence may actually alter the relative size of the different decay modes of the 
proton. It remains therefore to be checked whether p — )• e~^TT^, which is the dominant 
mode in the MSSU(5) model, is still the dominant one also in this case. 

§6. Effective couplings at the tree level in the SUSY-breaking sector 

An important role is played here by the auxiliary vev i<24, overlooked in the 
literature devoted to the evaluation of sFVs within nrMSSU(5) models. The fact 
that F24 <C Fx, the largest SUSY-breaking auxiliary vev of O(mMcut), may per- 
haps induce to think that the effect of the much smaller SUSY-breaking vev F24,, of 
©(mMcuT)) is negligible. In reality, the hierarchy between Fx and F24,: 



is of the same order of the expansion parameter in the series defining effective cou- 
plings. Thus, F24 turns out to be essential for the identification of the correct 
expression of the soft effective couplings in terms of the original parameters of the 
model (discussed in this section), in the determination of the boundary conditions 
for the soft effective couplings (to be discussed in Sees. [7] and [8]), and in guaranteeing 
that the soft effective couplings evolve like the soft couplings of an MSSU(5) model 
with the SU(5) symmetry broken at 0{s) everywhere except in the gauge sector (to 
be shown in Sec. fTOl and Appendix [D]) . 

6.1. Effective trilinear couplings 

One may naively think that effective trilinear couplings can be simply read off 
from soft operators such as: 




(6-2) 
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when the field 2Ajf is replaced by its vev V2i- These operators are obtained from the 
superpotential ones: 

OP'(X) = E {^) ^-^u oi„Cj.,„ (|J)"lO„ {^\, (0.3) 

where X is the field whose auxiliary component, i^x, breaks SUSY. Thus, the coeffi- 
cients C^ .^ are given by: 

where fx is 

fx = (6-5) 

In addition, since the vev F24, is in general nonvanishing, trilinear couplings get 
contributions also simply from Op^ itself. As a consequence, the coefficient ^ gets 
shifted by the quantity (n + m) /24C^^, where /24 is also of 0{m) (see Eq. ()2-28p ). 

As in the case of effective Yukawa couplings, effective renormalizable trilinear 
terms are generated when the field 24// is replaced by its vevs: 

-D'^AlQHd, -E^A^fLHd, -D'^Al^U'Eg, -LAIqQH^, (6-6) 

with couplings Af {i = d,e,du,lq) given by: 

k k 
n+m=0 n+m=0 

= E [c^n^Hn+rn)f2,C^s(-+-^{I,J;)''{{I,J;)"', (6-7) 

n+m=0 

where A^ and Af are the part generated by the auxiliary component of X 
and by the auxiliary component of the field 24j/, respectively. The hypercharge 
factors (^5^^)j and are those of Eq. (|3-7p . and Cgg = ^qo^^ coupling 

yl^ in Eq. (gilZI). 

Similar considerations apply also to the 10m and the seesaw sectors, with effec- 
tive trilinear parameters A^ , ^qQ) ^ijei ^'^d Ajy, AJ^^,, to be defined in analogy 
to the various Af. In an analogous way, we can also define the various effective 
trilinear of the Higgs sector and all effective bilinear couplings. 

There are constraints on the couplings Af, Aj*^ and A)j, completely similar to 
the 0(5)- and ©(s^j-constraints on the effective Yukawa couplings. For example, 
the couplings A-" must satisfy: 



^i-^l)(hk) - ^(^"^) ihi' = d,e,du,lq), 

(6-8) 



In Sec. 17.11 we shall elaborate more on the form that the constraints on effective 
trilinear couplings can have at Mcut, if we impose a certain type of universality for 
the soft massive parameters. 
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6.2. Effective sfermion masses 

The soft mass for the field 5m arises in the MSSU(5) model from the usual 
Kahler potential operator: 

X* \ - , ,n ,0 =^ /X 



cut/ 



5m \ do o\'^ 5%f 



Mr: 



Op^;/x:x) = 

p. To this, contributions from the class of operators: 



(6-9) 
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opg^(x:x) = (^)[j;5MKJ'c, 

^ ' m=l 

X 



opfc(x:x) 
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24* 



X 



cut 



(6-10) 



n + m^= 2 
n,m Q 



X 



M, 



cut 



(6-11) 

and their Hermitian conjugates, (Op^^^ (X* X))* and (Op^^^^ (X* X))*, must be added. 

The couplings Cnjm ' are matrices in flavour space as the dynamics that generates 
these NROs, as well as the NROs in the Yukawa sector, is not flavour blind. 
Since F24 ^ 0, contributions come also from: 
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-'O.m 



m=l 

Op£(X)^[ E 5M«„) = C«-(|i)"(|£P 
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cut 



n + rn.= 2 
n, m 7= 



X 



Mr 



(6-12) 
(6-13) 



and from (Op^^ (X))* and (O^j^^ (X))*, when one field 24// gets the -F24 vev, all 
others, the vev V24- The upper index in the coefficients dg „ and „ is a reminder 
of this. Contributions are also due to the very same operator Op'^^ of Eq. (l3^ . 
They are obtained when one 24|^ and one 24 fields are replaced by the vev F24, 
whereas all others acquire the vev ^24. 

Once all the fields 24j/ are replaced by their vevs, these operators induce a 
splitting between the soft mass for and L: 



D''mlcD^* + L* {mlyi, 



(6-14) 



where the two effective mass parameters rrit [f = 0^,1) are 



~2 



with 



6 (1 

3 



Dl + Dl+DlY{{h 
if = D,L). 



(6-16) 
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The Hermitian coefficients D^, Dj, and Df, whicli get contributions from 0, 1, 2 vevs 
F24, have obvious definitions in terms of the original ones. Those at 0(s) are 



^? = |/x|'[Ki)'Co^f"+H.c;, 
Dl = {/x/2*4[(4i)'<i'" +H.C.] +H.C.} , 
whereas those at 0(5^) are given by: 



(6-17) 



Dl = {fxfk [(2 (4,2)' C^,t' + {dli)'c^f'') + H.c] + H.c.} 



Di 



/24I c^r+a.c. 



(6-18) 



Nevertheless, since we want to reduce the Kahler potential to a form as close as 
possible to the canonical one, it is important to establish first whether NROs such as 
those in Eqs. (|6T0p . ()6-lip . (|6T2p . and (|6T3p and their Hermitian conjugates can be 
removed as a result of field redefinitions at least when the field 24/^ is nondynamical. 
This problem will be discussed in detail in Sec. El 

We have concentrated here on the effective masses in the 5m sector, but analo- 
gous considerations hold also in the case of the effective masses in the 10m sector. 
In the case of the seesaw sector of type I, however, the effective soft mass for RHNs 
coincide with the coefficient of the renormalizable mass term, up to an overall 
factor njTr(24iy/Mcut)'^^. This is because N'^ is an SU(5) singlet. Since we neglect 
NROs in the Higgs sector, also the soft mass for the fields 15h and 15 h, in the 
seesaw of type II, is the coefficient of the renormalizable mass term. In the case of 
the field 24^ in the seesaw of type III, in contrast, the two masses are different. 

§7. Universal boundary conditions w^ith sFVs 



In the MSSU(5) model, as always when trying to highlight sFVs induced at 
the quantum level, the ansatz of universality and proportionality of the boundary 
conditions for the soft SUSY-breaking parameters is adopted. Thus, by taking, again, 
the seesaw of type I as case study, all soft masses squared in Eqs. (|2-17p and (j2-49p 
are assumed at Mcut to be flavour independent and all equal to the coupling friQ. In 
the same equations, the bilinear couplings B^, B24, Bjy, and the trilinear couplings 



A]^ are such that: 
55(Mcui 



and 



M24(Mcut) 



^jv(Meut) 

M;v(Mcut) 



cut ) 



Ba 



An 



(7-1) 



(7-2) 



y5(Meut) l^lO(Meut) l^^(Meut) 

with flavour- and fleld-independent massive couplings Bq and Aq. Once the bound- 
ary conditions for the superpotential massive parameters M5, M24, and Mjv, are 
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determined at the cutoff scale, and those for the Yukawa couphngs Y^, Y^^, and Y^, 
are fixed in the way outhned in the previous section, those for the bihnear couphngs 
B5, B24, and Bn, and for the trihnear ones, A^, A^^, and A^jy are also fixed. 
The situation is more complicated when NROs are present. 

7.1. Effective trilinear couplings 

We consider here specifically the couplings Af , but the discussion holds for all 
effective trilinear couplings. Notice that, for a target precision of 0{s x sioop) in the 
evaluation of sQFVs and sLFVs, the relevant terms in the expansions of Af are up 
to /c = 2. That is, the tree-level contribution of dimension-six NROs is needed. 

A comparison of Af in Eq. ([621) with Y\ in Eq. ([32]) shows that the effective 
trilinear couplings, in general, are not aligned with the effective Yukawa couplings 
at Mcut- Clearly, a simple extension of the conventional notion of universality used 
in absence of NROs, which assigns the same proportionality constant to different 
n-linear couplings (n < 3) in operators of same dimensionality: 

^1,0 = ^0,1 = ^2,0 = ^0,2 = ^1,1 = ^2, • • • , (7-3) 

is not sufficient to guarantee the proportionality of Af(Mcut) and "Kf(Mcut), as it 
leads to: 

k 

n+m=0 

(7-4) 

A more restrictive concept of universality, in which all the proportionality con- 
stants, Aq, Ai, A2, • • • , are equal can solve the problem if the auxiliary vev F24 = 
vanishes at Mcut, which implies: 

/24 = Bo-Ao = 0. (7-5) 

(See Eq. ()2-28p .) When this condition is realized, the equality of the proportionality 
constant of all trilinear and n-linear couplings: 

Bo = Ao = Ai = A2 = ---, (7-6) 

leads to: 

Af (Mcut) = AoYl{M,^t). (7-7) 

If such a notion of universality is adopted, the tuning parameter of the scalar sector, 
A, discussed in Sec. 12.21 vanishes identically. It should also be noticed that, in spite 
of a vanishing boundary condition at Mcut, /24 is generated at different scales by 
radiative corrections, since it evolves according to Eq. (j2-29p . 

Alternatively, if /24 7^ 0, it is possible to guarantee the alignment of Af (Mcut) 
and l^f (Mcut) by requiring that, for every value of n + m, the squared bracket in 
Eq. fTi]) is equal to Aq: 



Bq — /24 = Aq = Ai + /24 = A2 + 2/24 = 



= An + n/24. (7-8) 
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Two parameters are needed to characterize this condition, which we rewrite as: 







-2/24 


^0 


= K 


— 3/24 




= A'o 


-4/24 


A2 


= A'o 


- 5/24 



An = A'o-in + 3)/24. (7-9) 

The two parameters are /24 and Aq, or /24 and A'q, and the relation of Eq. (j7-7p stih 
holds. 

The condition in Eq. ()7-6p . characterized by only one parameter, Aq, coincide 
with this in the limit /24 — )• 0. It is easy at this point to see that there is yet 
another one-parameter condition, which also guarantees the alignment of (Mcut) 
and Yf{Mcut)- This is obtained by setting A^ = 0. In this case, the parameter that 
fixes the soft couplings in question is /24: 

Bo = -2/24, ^0 = -3/24, Ai = -4/24, • • • , An = -{3 + n)/24. (7-10) 

The expressions for Af(Mcut) are still those in Eq. (j7-7p . with ^0 = ~3f24- It will 
be shown in Sec. [5] that the two conditions in Eqs. (|7-6p and (|7-10p correspond to 
very precise patterns of mediation of SUSY breaking. We anticipate that, in order 
to realize the condition in Eq. (|7-6p . the SUSY-breaking field X can only couple to 
the superpotential, whereas to realize the condition in Eq. ()7-10p . X couples only to 
the Kahler potential, in a certain basis. The more general condition in Eq. ()7-9p is 
an interpolation of the other two. 

If neither of these conditions is satisfied, and the usual universality for soft 
couplings is used, in which Bq, Aq, Ai, A2,--- are all independent parameters, 
the proportionality between Af{Mcut) and Yf{Mcut) is, in general, broken at 0{s). 
Thus, sFVs of this order exist at the tree level. We can nevertheless make the effort of 
assessing the level of arbitrariness introduced in the problem, as we have done in the 
case of the effective Yukawa couplings. The hope is that, given the drastic reduction 
of parameters that the usual notion of universality still entails, the constraints acting 
on the effective trilinear couplings Af{Mcut) are sufficiently numerous to eliminate 
a large part of this arbitrariness. 

The situation is, indeed, better than it may look at first sight. Since the soft 
bilinear, trilinear, n-linear couplings of the original NROs are still aligned with the 
corresponding superpotential couplings, the two sets of effective couplings Yf{Mcut), 
l^]°(Mcut), • • • , and Af (Mcut), A]°(Mcut), • • • are not completely independent. This 
is because the matrices that constitute the input parameters in the set of effective 
Yukawa couplings Y^{Mcut), Y^^ (Mcut) , ■ ■ ■ and in that of effective trilinear cou- 
plings are the same up to some coefficients, that is the various Aq, Ai, A2, 
whereas the number of output parameters, the two sets of effective Yukawa and tri- 
linear couplings, is now doubled. Additional constraints with respect to those listed 
in Sees. 13.11 and 16.11 are therefore expected. In addition to 0{sm)- and 0{s^m)- 
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constraints, there exist also 0{s^m)- and 0(s^m^)-constraints, whereas no 0{s^)- 
constraint exist for the effective Yukawa coupUngs. 

To be specific, in the hmit s — )• 0, we have the three 0(s)-constraints for the 
effective couphngs Y^{Mcut) of Eq. (|3-9p . and the four C'(sm)-constraints for the 
soft parameters A^{Mcut), which say trivially that in this limit the soft trilinear 
couplings are aligned with the Yukawa couplings. The proportionality constant is 
Ao. 

At the next order, there exist five constraints: the 0(s^)-constraint on the ef- 
fective couplings l^f(Mcut) of Eq. ()3-9p . and the following four 0(s^m)-constraints 
on Af (Mcut): 



-(^0-^1-/24) + Iy%u ) (Meut 



{h,k) 



< 0{s^m), (7-11) 



for i = D,E,DU,LQ, expressed in terms of Aq and Ai + /24. Thus, the 0{sm) of 
the matrices A^{Mcut) is fixed by these parameters and the effective Yukawa cou- 
plings. This means that if only NROs of dimension five are introduced, the matrices 
Af(Mcut)) and therefore all misalignments between Af{Mcut) and l^f(Mcut)) are 
known exactly once the couplings Yf{Mcut) are fixed. 

Similar considerations hold also for the couplings Aj^(Mcut) (i 
which satisfy the following 0(s^m)-constraints: 



U,UE, 



AiO(Mcut) - {Ai + f24)Yf{M,^t) 



< 0{s'^m). (7-12) 



The contribution of 0{s'^fh) to the matrices Af(Mcut) and Aj^{Mcut) is not 
known, and it is only restricted to satisfy higher-order constraints. In the case of 
Af (Mcut), these are 



((A|,-A| + AiQ-A|,^)(M, 



cut ) 
5 I v5 



(^2+2/24) (n-n+nQ-nf/)(M 



cut , 



(h,k) 



< ©(s^m), (7-13) 



a 0(5 m)-constraint, and a constraint at 0{s m 



3~2\. 



6 {A2 -Ao +2/24) (A| -Alu) (Mcut) 

- (^2 -Ai + /24) (2A| +3A%u) (Mcut) 

-6 {Ai +/24) {A2 -Ao +2/24) {Y% -Y%u) {Mc^ 



+Ao {A2 -Ai + /24) {2Y% +3Y%u) (^cut) 



{h,k) 



< Ois'^m^). (7-14) 
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It should be reminded here that these constraints, as well as the expressions for 
the effective trilinear couplings themselves, are obtained in SU(5)-symmetric bases. 
As mentioned at the end of Sec. \'6.'6\ SU(5)-breaking field redefinitions must be 
performed to eliminate from the Kahler potential NROs of dimension six in which the 
fields 24:H acquire vevs. These dimension-six operators will be discussed explicitly in 
Sec. [SI In the basis in which such operators are removed, the ©(s^m)- and O(s^m^)- 
constraints cannot be used. 

This situation is clearly very different from that in which not even the usual 
universality for soft couplings is required. In this case, the two sets of couplings 
rf(Mcut), l^f (Mcut),---, and Af(Mcut), Af(Mcut), • • • are completely indepen- 
dent. The counting of output parameters (the effective couplings) and of input 
parameters (the original couplings of the renormalizable and nonrenormalizable op- 
erators) is the same for the two sets. The constraints for the effective trilinear 
couplings Af{Mcut), Aj^{Mcnt), ■ ■ ■ are then formally equal to those for l^f (Mcut), 
l^]''(Mcut) • • • • (See Sec. 16.11 ) It is clearly very difficult to deal with a situation like 
this. The only hope is that, by expressing these effective couplings in the SU(5)- 
symmetric basis of Eq. ()4-5p as: 

Af ^ {AV^f A. AVl,^ [i = D,E,DU,LQ), 



4 10 



{AW'^^^)Kckm\ a'^PioIawIq.Kckm] ij = u,UE,QQ), (7-15) 



it is possible to find some limit in which the number of parameters needed to specify 
the mismatch matrices in these equations can be reduced considerably, as in the case 
of the effective Yukawa couplings. Notice that, differently than AV^e, ^^iod and 
^Wiou (see Eq. (|4-6|) ). the mismatch matrices AV^e, ^Viod and AWiou do not 
coincide with the unit matrix. These and all mismatch matrices in these equations, 
including /Cckm, have a tilde to distinguish them from the mismatch matrices for 
the effective Yukawa couplings. They do reduce to those matrices in the limit s — )• 0. 

7.2. Effective sfermion masses 

As in the case of trilinear soft couplings, a simple generalization of the concept 
of universality that assigns the same fiavour-independent coupling to operators with 
the same dimensionality: 

'^0,0 ~ ^0' ^n,m ~ '^ra+m; ^n,m — '^n+mi i'^'^^) 

with n = 0, 1, • • • , and m = 1, 2, • • • , is not sufficient to guarantee the fiavour inde- 
pendence of the various contributions to the effective masses. 

Already the terms of 0{s) in the expansion for (/ = D'^.l) in Eq. ()6-15p are, 
therefore, potentially very dangerous. If flavour dependent, they give (correlated) 
contributions to sQFVs and sLFVs disentangled from neutrino physics, at the tree 
level. These contributions appear in the right-right sector of the down squark mass 
matrix and in the left-left sector of the charged slepton mass matrix, precisely those 
affected by the large seesaw couplings. Moreover, being of 0(s), they are numerically 
of the same size of the contributions induced through RGEs by the couplings of the 
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various seesaw mediators, of ©(sioop)- The same applies also to the terms of 0{s'^) 
in the expansion of mj- (/ = D'',l) in Eq. (|6T5p . Although far less harmful than 
those of 0(5), also these terms can be flavour violating. 

Further restrictions on the parameters in Eq. (j7-16p . such as 

'^0 = '^n+m = ^n+m = • • • = 5, ('''T7) 

could simplify considerably the form of the SUSY-breaking part of the Kahler po- 
tential, leading, for example, to the Kahler potential sector: 

[1 + 6fxe^ + 6*f^9^ + \6\^\fx\^eW] {5m51^ + 

where we have replaced X/Mcnt with fx 6^. 

Clearly, the conditions under which these tree-level sFVs vanish are the condi- 
tions under which field redefinitions can remove simultaneously NROs in the SUSY- 
conserving and SUSY-breaking part of the Kahler potential. As mentioned already, 
it is sufficient to be able to remove those NROs in the sums of Eqs. (|7-18p that con- 
tribute within O(s^), after the field 24// is replaced by its vevs. (See next section.) 

§8. Universal boundary conditions free from sFVs 

In order to eliminate sFVs at the tree level, an extension of the conventional 
notion of universality to the case with nonvanishing NROs must require at least 
that the field X, which communicates SUSY breaking, couples to operators in the 
superpotential and Kahler potential in a generation-independent way, and without 
distinguishing different fields E3- In particular, within each of the two potentials, it 
couples to operators of same dimensionality in the same way. 

We refer to the concept of universality outlined above as weak or unrestricted 
universality, as opposite to that in which the different couplings of X to the various 
operators in the superpotential and Kahler potential are, in addition, restricted 
by special conditions. We call this second type of universality restricted or strong 
universality. Examples of such conditions were outlined already in Sees. [TTT] and 17.21 
Here, we reexamine in a systematic way the problem of which conditions are to be 
imposed to the superpotential and Kahler potential in order eliminate sFVs at the 
tree level. 

In the case of the superpotential, weak universality implies: 
W=Mi,j (1 + bfx9^) cl,,cl)j 

+Yijk (1 + afxO^) 4>i(l)j(t>k + j^Cijki (1 + aifxO^) (t>i(l)-jMi + • • • , (8-1) 

*^ Such a definition excludes the mechanism of gauge mediation of SUSY breaking. It can, 
however, be generahzed to include it, by restricting the above assumption to flavour independence 
only. In our setup the mediation of SUSY breaking must happen above A/gut, at the Planck scale, 
or quite close to it, if any of the effects discussed in this paper is to be detected. Thus, a component 
of gauge mediation, if present, has to coexist with that of gravity mediation. This is inevitably 
present at such scales and, in general, dominant since does not suffer from the loop suppression that 
plagues the component of gauge mediation. In the following, we restrict our discussion to the case 
of pure gravity mediation of SUSY breaking. 



Op^i +0p^' +H.C. 



}, (7-18) 
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where the notation is simphfied with respect to that of the previous sections, as 
indices denote both, field types and generations. The fields (pi in this superpotential 
are SU(5) multiplets, M is M5 or M24, or a seesaw massive parameter, Y any trilinear 
coupling, and C any coupling of a NRO of dimension five. The parameter fx is the 
usual ratio Fx/Mcut that signals the breaking of SUSY, and the quantities 6, a, 
ai, ... are just numbers. A comparison with the notation of Sec. 17.11 allows the 
identifications: Bq = bfx, Aq = afx, Ai = ai/x, • • • , and /24 = (b - a)fx- 

We postpone the listing of the general form of what we call the weakly-universal 
Kahler potential in a noncanonical form, to draw immediately some observations 
about the behaviour of the superpotential under field redefinitions. These are re- 
quired to reduce the Kahler potential to be minimal. In general, field redefinitions 
look like: 

(pi {cij + CijfxO^) + ({d5)ijk + {d5)ijkfx0^) (l)j(l)k + ■■■ , (8-2) 

where the second parenthesis, and the following ones, hidden in the dots, are present 
only when NROs are nonvanishing. (The field X, treated here as a spurion, is not 
included in the counting of the dimensionality of the various operators.) It is obvious 
that, if the mechanism of mediation of SUSY breaking is even only weakly universal, 
the couplings Cij and {d^)ijk are not arbitrary. That is, they cannot depend on field 
type and generations. Therefore, Eq. (|8-2|) should be reduced to: 

0, ^ Cij (1 + 5Kfxe^) (pj + -r^ id5)i,k (1 + ^NfxO^) cpjcpk + ■■■ , (8-3) 

-'"cut 

where 6k and 6n are just numbers. 

With these field redefinitions, the above superpotential is modified as: 

W ^ MimCiiCmj [1 + (6 + 26k) fxO'^] Mj 

+ YimnCliCmjCnk [l + (a + 3(5x) fxO'^] 4>i4>j(l^k 

+-^2MimCii {d5)mik [l + ib + 6K + 6n) fxO^] Mj(f>k 

iWcut 

Coh [1 + (ai + 4(5ii-) fxO^] (pi(pj(pk(ph 

^Wcut 

[1 + (a + 26k + 6n) fx0 ] (pi4>j<Pk4^h 

^l^cut 

+ T^Mirn {d^)uj {d5)mkh [l + + 26n) fx0^] <P^(pj(pk<Ph + ■■■ ■ (8-4) 
^*^cut 

The minimal assumption of Eq. (|8-3p . however, is not sufficient to preserve the 
alignment of bilinear, trilinear, n-linear soft terms with the corresponding SUSY- 
conserving terms, i.e. to preserve weak universality, unless: 

5^ = a - 6 + 26k = ai-a + 26k = ■■■ . (8-5) 

Together with the definition of /24, this implies: 

ai - a = a - 6 = • • • = -/24//X, (8-6) 
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which, although derived in a different way, coincides, remarkably, with the condition 
of Eq. (TrSl) . 

While the stability conditions in Eq. (|8-6|) relate only SUSY-breaking parameters 
in the superpotential, those in Eq. (|8-5p link SUSY-breaking parameters in the su- 
perpotential and in the Kahler potential. These latter conditions indicate that field 
redefinitions can remove SUSY-breaking operators in the Kahler potential without 
disturbing the alignment of SUSY-conserving and SUSY-breaking parameters in the 
superpotential only for specific couplings in both potentials. 

Notice that even SUSY-conserving field redefinitions, with Sk = = 0, in 
general spoil weak universality, except for the particular choice of SUSY-breaking 
parameters in the superpotential: 

b = a = ai = a2 = ■ ■ ■ , /24 = 0. (8-7) 

This is the first notion of strong universality introduced in the previous section (see 
Eq. (|7-6|) ). It is encoded in the following particularly simple form for the superpo- 
tential: 



W={1 + afx 



32\ 



Mij(f>i(f)j + Yijk (f>i4>j(t>k + -T^Cijki (f)i(l)j(l)k4>i + 



This type of strong universality is, indeed, stable only ii 5k = 5n = 0, that is, if 
X does not couple to the Kahler potential, which can then be minimized by SUSY- 
conserving field redefinitions. They modify the superpotential by changing the defi- 
nition of the parameters M, Y, C, • • • , but leave unchanged the overall parenthesis 
(1 + afxO'^), and therefore also the alignment of effective trilinear couplings and ef- 
fective Yukawa couplings. The soft masses squared are vanishing at Mcut and are 
then generated radiatively, driven by gaugino masses and trilinear couplings. 

It would be interesting at this point to check how the superpotential of Eq. (j8-8p 
gets modified when X couples also to the Kahler potential and field redefinitions have 
nonvanishing 6k and 6]\f. 

We postpone momentarily this issue and we consider the other, very restrictive 
notion of universality for bilinear, trilinear, and n-linear soft parameters of Eq. (|7T0p . 
determined also by one parameter only, f24- This can now be expressed as: 

6:a:ai:--- = 2:3:4:--- , a/x = -3/24- (8-9) 



In this case, the conditions in Eq. ()8-5p guarantee that, under field redefinitions, afx, 
bfx, CLifx are shifted in such a way to leave the ratios 6 : a : ai • • • unchanged. From 
Eq. ()8-4p it is easy to see that afx becomes: 

afx = -3/24 ^ -3 (/24 - 6k fx) • (8-10) 
The superpotential, which has the form: 



W = Mij (1 - 2/24^) 



1 



+Y,,k (1 - 3/24^') Mj(pk + -ji—Cijki (1 - 4/24^') (t>iMk(^i + • • • , (8-11) 

IV1( 



cut 
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before field redefinitions, remains of the same type, except for a modification of the 
parameters M, Y, C, - ■ ■ and for the shift of f24- 

(8-12) 



-3/24, with different 



/24 (/24 - Sxfx) ■ 

The ahgnment Af = AqY^ of Eq. ([7^ is satisfied for ^0 
values of /24 before and after field redefinitions. Notice that, if 5k fx = f24, it is pos- 
sible to find a basis in which the shifted value of /24 , and therefore all the parameters 
6, a, oi, • • • , are vanishing. In this basis, X couples only to the Kahler potential. 
Bilinear, trilinear and n-linear soft terms satisfying the condition of Eq. (|8-9|) are 
generated result of field redefinitions. 

This fact illustrates why the superpotential in Eq. (|8-8p tends to be destabilized, 
unless X is decoupled from the Kahler potential. It is simply due to the fact that 
SUSY-breaking field redefinitions generate /24 even if this vanishes in one basis. 

It seems therefore plausible that, as the previous one, also the more general 
notion of universality of Eq. (|7-9p . is stable under the field redefinitions of Eq. (|8-3p . 
Depending on the two parameters A'^ and /24, this is nothing else but an interpolation 
of the two notions considered above. It can now be expressed as: 



a : a — a' : ai 



a ■ ■ ■ 



2 : 3 : 4--- 



(a - a')/x 



24, 



•13) 



with a' = Aq/ fx- By rewriting the parameters 6, a, oi, • • • as a' + {b—a'), a' + {a—a'), 
a' + (ai — a'), • • • , we obtain the following form for Eq. ()8-5p : 



5n = [{a - a') - (6 - a')] + 25k = [(ai - a') 



[a — CL 



')]+25k. 



•14) 



These conditions guarantee that the ratios b — a' : a — a' : ai — a' • • • are not modified 
by field redefinitions, which shift (a — a') fx as follows: 



(a - a') fx = -3/24 ^ -3 (/24 - 5k fx) 
Thus, the superpotential, which has the interesting form: 



•15) 



W={1 + a'fxe^) 



Mij (1 - 2/24^') cPi(^j + Yijk (1 - 3/24^') 



+ 



M, 



cut 



-Cijki (1 — 4/24^^) 







•16) 



remains formally unchanged by field redefinitions, except for the shift of /24 of 
Eq. (j8-15p . and a modification of the parameters M, y, C, • • • . The alignment 
Af = Ao^f of Eq. ^ is again satisfied for Aq = A'q — 3/24, with different values 
of /24 before and after field redefinitions. 

It is to the form in Eq. ()8^16p that the superpotential in Eq. ()8-8p is brought by 
field redefinitions with 5k fx = — /24- Vice versa, field redefinitions with 5k fx = /24 
bring the superpotential Eq. (|8^16p to that in Eq. (|8^8p . 

We have discovered so far that a weakly-universal superpotential with NROs 
as in Eq. ()8^ip is unstable under field redefinitions, even SUSY-conserving ones, if 
NROs exist also in the Kahler potential. There would be no problem at all if such 
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a superpotential could be somehow realized in a basis in which the Kahler potential 
is already canonical. In general, however, this is not the case and the superpotential 
must be strongly universal to prevent that field redefinitions spoil even its weak 
universality. Any of the two forms in Eq. ()8-8p or ()8-16p is equally suitable. 

Notice that in the MSSM limit, i.e. if only light superfields are present, NROs 
are negligible in both, the superpotential and the Kahler potential, and the need for 
a restricted notion of universality to avoid sFVs at the tree level does not exist. 

A weekly-universal Kahler potential, to which Eq. (j7-16p already alludes, is 



1 - a4/xr 



c^lfxO^ + (l 



a,\'-d')\fx\'e'e' 



cut 



2 n2n2 



+ H.C. 



ijkh 
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& I ijkh 
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l + «'6/x02 + /3^*/x^' + 76l/x|'- 



)2q2 



4>i4>j4>k4>h + 



H.c.}, 



(8-17) 

where, without loss of generality, we have already assumed the canonical form for 
the SUSY-conserving dimension-four operators. The parameter d? is assumed to be 
real and positive, since, as will be shown later, it determines the soft mass squared 
of the fields The couplings {d^)ijk and {dQ)ijki are symmetric under permutations 
of the last two and the last three indices, respectively, and d^ satisfies the following 
relations: (4)^^^^ = (c?6)jifcft = id6)ijhk = (dDk^ij- For simphcity we also hmit this 
discussion to operators up to dimension six. As will be shown in Sec. [TOl within the 
precision of our calculation, these are sufficient for the determination of the boundary 
conditions for effective soft masses. 

As already discovered in the case of weakly-universal superpotentials, also this 
Kahler potential is unstable under field redefinitions. It is a simple exercise to show 
this. As in the case of the superpotential, the stability of the weak universality implies 
conditions among its various parameters and the field-redefinition parameters, which 
we do not report here explicitly. It is straightforward, although tedious, to show 
that for a Kahler potential and a superpotential in the basis specified by Eqs. (j8T7p 
and (|8-8p . constraints on the various parameters in K{X*,X) are induced by the 
requirement that NROs of dimension five can be eliminated. These constraints, 
together with the conditions of stability of the weak universality of both potentials, 
allow to rewrite K{X*,X) in the following factorizable form: 



K{X*,X) = 1 - 5kM^ - S*Kfx^^ + {\Sk\^ - d^) I fx 



•18) 



where dx = ci4, and K is the SUSY-conserving part of the Kahler potential: 
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'^k(Ph 



+ H.C. 



•19) 



The form in Eq. (|8-18|) is one example of a Kahler potential with strong universality. 
The superpotential is still that of Eq. ()8-8p . and /24 vanishes. EE Notice that the 
guess made in Sec. 17.21 (see Eq. (|7-18p ) for a Kahler potential, which would not lead 
to sFVs at the tree-level, is in the right direction but not completely correct. The 
expression in Eq. (|7-18p is, indeed, very similar to that in Eq. ()8-18p . when 5k is 
identified with —6, but, in reality, less general, as it has one parameter less. 

It is interesting to see that the set of the superpotential (|8-8p and the Kahler po- 
tential ()8-18p gives the same scalar potential as supergravity model with sequestered 
superpotential and the Kahler potential where each potential for the visible sector 
is given by Eqs. ([831) and (IHTHIl with X 0, if we set (f = \6k\'^ . 

Thanks to the factorization of Eq. (j8-18p . the effort in bringing K(X*,X) to a 
form as close as possible to the canonical one, reduces to that of minimizing K. 
The elimination in K of the dimension-five NROs, which is possible to achieve, 
automatically eliminates also all the corresponding SUSY-breaking NROs of the 
same dimensionality. In the language of the previous sections: since it is possible to 
redefine away the dimension- five NROs in Op^^^, also all the dimension- five NROs 

in Op^^ (X), Op^^ (X*), and Op^^ (X*,X) can be eliminated. This is particularly 
important as it enables the elimination of the most dangerous arbitrary sFVs in the 
boundary values for soft masses, i.e. those which can be of the same size as the sFVs 
induced radiatively by the neutrino seesaw couplings. 

In fact, the situation is even better than that just described. Both terms in 
square brackets in Eq. (j8-19p can be removed through field redefinitions, as they 
both have all fields but one with the same chirality, therefore reducing K{X*,X) to: 



|2/)2/)2 
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While these field redefinitions are SUSY conserving, SUSY-breaking ones are needed 
to bring A'(X*,X) to the even simpler form: 



K{x*,x)= i-d'\fx?e'^e'^ 



+ 



-de) 



ijkh 



(Pi(pj4'k4>h, (8' 



21) 



*-* If in the basis of Eq. (|8-17p for K{X*,X) the superpotential is that of Eq. (|8-16p . the same 
procedure followed in the previous case yields a slightly more complicated form for the Kahler 
potential than that in Eq. (|8-18|) . but equivalent to it. Field redefinitions, indeed, bring it to the 
factorizable form of Eq. (|8-18p . with Sk/x = ceifx — /24, while the superpotential is brought to 
the form in Eq. (|8-8p . Thus, irrespective of whether the superpotential is in the form of Eq. H8-8|l 
or (|8-16p in the basis of Eq. (|8-17|l for the Kahler potential, the final form of the superpotential in 
the basis in which the Kahler potential is factorized as in Eq. H8T8|I is always that of Eq. (|8-8|l , i. e. 
also a factorized one. 
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in which the form of the dimension-four operators is canonical. Through them, /24 is 
generated again, with the value /24 = —Sxfx, and the superpotential is brought from 
the unstable form of Eq. (|8-8|) to the more general form of Eq. (|8-16p . It is clear at 
this point why the guess of Eq. ()7-18p for the Kahler potential is not correct. These 
SUSY-breaking field redefinitions would reduce the soft masses to be vanishing. 

For all practical purposes, we can neglect all dimension-six NROs, except when 
they contain two 24// fields, with opposite chirality, as these fields can acquire vevs, 
thus contributing in general in a fiavour dependent way to soft masses. If these two 
fields are (j)j(j)k, then the term multiplied by the square bracket in the second line of 
Eq. ([8^ becomes: 

s\-dehjjh (1 + /24^' + /2*4^' + \f24\^0^9^) cl)l<Ph, (8-22) 

and the index j labels the components of the field 2Ah- Group theoretical factors are 
suppressed in this expression and are assumed to be reabsorbed by d^. The second 
line of Eq. ([8^ is 

1 + {^Kfx +f24)e^ + (<5|,/>^ +72*4)^' + {\SKfx +/24I' - d^lfxl^y^P 

X s\-de)ijjh(f>l4>h, (8-23) 
and recalling that /24 = —5k fx-, the Kahler potential of Eq. ()8-2ip reduces to: 

K{X\X) ~ [1 - dVxpe'^'] {5ih - s\dQ)ij,h) <Pl<t>h, (8-24) 

up to negligible NROs of dimension six. There is something very special about 
this cancellation, which rests on the simultaneous presence of strong universality in 
both potentials. Had it been (5i^/x + /24 / 0, SU(5)-breaking field redefinitions could 
have removed the two terms proportional to 9"^ and 9"^, but not the term proportional 
to 0^^^, which multiplies dg- These field redefinitions would have also shifted /24 
of a quantity of O(s^) proportional to d^. Hence, misalignments would have been 
introduced in the superpotential, correlated to the residual sFVs of 0{s^) in the 
Kahler potential. 

A further SUSY-conserving, but SU(5)-breaking field redefinition, yields: 

K{X\X) ~ [1 - d^\h?9W'\(l,*<p,. (8-25) 

Notice that these are also fiavour-violating field redefinitions of O^s^). Since they 
are SUSY-conserving, their effect is only that of modifying the parameters M, y, 
C, • • • in the superpotential, that is, of modifying simultaneously super symmetric 
parameters and corresponding soft parameters, without introducing spurious mis- 
alignments at the tree level Rl. The superpotential is still formally that of Eq. ()8T6p . 
as if these field redefinitions had not taken place. They can, therefore, be totally 
ignored if one needs to use this superpotential in an SU(5)-symmetric basis. Three 



*' Possible misalignments may be introduced at the loop level, which however would be of 
0{s'^ X Sloop) and, therefore, completely negligible for our purposes. 
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free parameters, together with the gaugino mass, are needed in this case to specify 
aU soft terms: 

a', /24, d\ (8-26) 

with (i^ real and positive. Had we taken d'^ = |a4p in Eq. (|8-17p . Eq. (|8-25|) would 
now be: 

K{X*,X) ~ [l - \f2A\^e^9^]<^>*<^>^, (8-27) 

and only the parameters a' and /24 would have to be specified in addition to the 
gaugino mass. 

Summarizing, for a SUSY-breaking mediator coupled to operators of both po- 
tentials, the condition to avoid sFVs at the tree level is that of having, in the same 
basis, the superpotential of Eq. ()8-8p and the Kahler potential of Eq. ()8-18p . or 
equivalently, in the form of Eq. (j8-16p and (|8-25p , respectively. 

As mentioned earlier, it is possible that the SUSY-breaking mediator couples 
only to the superpotential. The Kahler potential, now SUSY conserving, is in this 
case that of Eq. (j8-19p . This can be easily reduced with SUSY-conserving field 
redefinitions to have the form of the potential in curly brackets in Eq. ()8-20p . This 
possibility was brought to attention when discussing the superpotential in Eq. ()8-8p . 
Since in this basis /24 = 0, the Kahler potential reduces directly to: 



K ~ 



6ih - s {dfi)ijjh 4>*(t>h, (8-28) 



when the fields 4'j4'j^ identified with 24^^24//, acquire their scalar vev. Again, an 
SU(5)-breaking field redefinition can remove the second term in parentheses. 

Notice that, if the condition of universality for the superpotential is relaxed to 
be weak instead of strong in the basis of Eq. ()8T7p for the Kahler potential, it is still 
possible to tune the Kahler potential to have the form in Eq. (j8-18p . An attempt to 
minimize it in this case yields: 

K(X*,X) ~ [6ih + {\d\^\fx\^d^h - s\de)ijjh\f24 + 6Kfx\^)e^0^](^*(^h, (8-29) 

up to negligible dimension-six NROs, but destroys also the weak universality of the 
superpotential. Thus, situations in which the superpotential is weakly-universal and 
the Kahler potential is canonical, up to terms of 0{s'^), which are arbitrary, and 
in general flavour- and CP-violating, can only be achieved at the expense of some 
severe tuning. Highly tuned is also a situation in which the superpotential is weakly- 
universal and the Kahler potential is already canonical, as in Eq. (j8-25p . 



§9. Emerging scenarios 



The analysis of the previous sections shows clearly that the seesaw-induced pre- 
dictions for sFVs in an MSSU(5) setting can vary considerably. There are of course 
the interesting differences induced by the various types of seesaw mechanism. If large 
enough, they may help distinguish which of the three types of seesaw mediators gives 
rise to the low-energy dimension-five neutrino operator of Eq. (|2-39p . 
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There are also the worrisome modifications that the seesaw-induced sFVs may 
undergo, depending on the type of NROs introduced and the role that they play. The 
arbitrariness of NROs is the key ingredient exploited to cure the two major problems 
of the MSSU(5) model, the unacceptable predictions for the values of fermion masses 
and for the proton-decay rate. How to use it to correct the fermion spectrum is 
straightforward and well known, whereas the recipe to be followed to suppress the 
decay rate of the proton is not simple and presumably not unique. Indeed, we have 
argued in Sec. [5] that baryon-number violating NROs may also produce a sufficient 
suppression of this rate, in addition to that due to the freedom in the effective Yukawa 
couplings of matter fields to colored Higgs triplets.'®^^ Thus, it is not yet clear 
whether the constraints from proton decay imply that the mismatch matrices AV^i, 
AVioi {i = d,e,du,lq), and AW^j, AWl^j {j = u,ue,qq) discussed in Sec. S] are 
trivial or not. Waiting to get a definite answer on this issue, we assume here that 
these matrices are nontrivial, i.e. that they are substantially different from the unit 
matrix. 

As for the arbitrariness that NROs can induce in the boundary conditions for 
soft parameters, the results obtained in Sec. [8] can be summarized as follows. In 
general, this arbitrariness causes particularly dangerous tree-level sFVs already at 
0{s) that completely obscure the effect of the large seesaw Yukawa couplings. There 
exist however special field- and flavour-independent couplings of the SUSY-breaking 
mediator field X to the superpotential and the Kahler potential, or strongly-universal 
couplings, which are not destabilized by field redefinitions, and which allow to elim- 
inate such tree-level sFVs. In addition to the gaugino mass, M1/2, then, only three 
parameters are sufficient to specify all effective soft couplings: 

ml A'o, /24, (9-1) 

the first two of which are expressed in Sec. Mas dVxP and a' fx- At Mcnt, all 
effective soft masses squared are equal to inl: 

mf{M^^t) = mll, (9-2) 

for any field i. The effective trilinear couplings are aligned with the effective Yukawa 
couplings, as for example in: 

Af (Mcut) = AoYf {i = D,E,DU,LQ), (9-3) 

with 

^0 = A'o - 3/24. (9-4) 

All B parameters are expressed in terms of the corresponding superpotential massive 
parameter asE3: 

B,(Meut) = BoMi, (9-5) 

*' We have not given explicitly definitions of efTective bilinear couplings in terms of the original 
renormalizable and nonrenormalizable operators. They are completely analogous to those for the 
trilinear effective couplings. 
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with: 

Bo = A'o - 2/24 = ^0 + /24. (9-6) 

That is, we recover for effective couplings the type of universahty usually advocated 
for models without NROs. The choice of three parameters at Mcut, can indeed be 
the much more familiar: 

ml Ao, Bo, (9-7) 

with /24 fixed in terms of Bo and ^o- /24 = Bo — Ao- The choice cP = |a4p in 
Eq. ()8-26p corresponds to fixing Bo among the above parameters to be {Bo — ^0)^ = 
TTT-Q, reproducing the minimal supergravity result.D^ Notice that all the bilinear 
terms discussed above are for the superheavy fields, and the MSSM i3-term can be 
arbitrary even in this case, depending on the fine-tuning for the term, as shown in 
SecO 

The case discussed so far is a somewhat special case, which rests uniquely on 
the requirement of simultaneous strong universality in the superpotential and in the 
Kahler potential. With this choice of universality, the arbitrariness induced by NROs 
remains confined to the Yukawa sector. An estimate of how the predictions of the 
seesaw-induced sFVs get modified by the mismatch matrices will be given later in 
this section. 

Beyond this special case, the situation becomes considerably more complicated. 
Following Sec. El we know that by relaxing the condition of universality for the 
superpotential to be weak instead of strong in the basis of Eq. ()8-17p for the Kahler 
potential, we can tune the Kahler potential to be as in Eq. (|8-18p . which leads to the 
form in Eq. ()8-29p . by field redefinitions. That is, effective soft masses squared are 
universal at 0{1), but arbitrary at ©(s^). In addition, the field redefinitions through 
which such form of the Kahler potential is obtained, spoil also the weak universality 
of the superpotential at 0{s). At this order, the effective trilinear couplings, not 
aligned anymore to the effective Yukawa couplings, are arbitrary 3x3 matrices. It 
is possible to parametrize them as shown in Eq. (|7-15p . in terms of diagonal matrices 
and new unitary matrices of diagonalization mismatch, AV^i, /\Vioj {i = d,e,du,lq), 
AWioj, ^^10 j U — u,ue,qq), and Kckm- The number of free parameters, with 
which one has to deal, is, however, overwhelmingly large. 

As explained in Sec. [HI it is also possible to envisage another tuned situation, 
in which the superpotential has weak universality in the basis of Eq. (|8-25p for 
the Kahler potential. The effective soft masses squared are in this case universal. 
Superpotential couplings and corresponding soft couplings are in general aligned, but 
the alignment is lost at 0{s) for effective Yukawa couplings and effective trilinear 
couplings. This is the scenario analyzed in Ref. [T9|) . It is considerably simpler 
than the one discussed earlier, because, although not aligned to the effective Yukawa 
couplings, the effective trilinear couplings depend on them in precise ways, at least at 
0{s). In fact, the constraint in Eq. (|7Tip shows that the misalignment between, for 
example, and the corresponding Yf is given in terms of various effective Yukawa 
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couplings and a new parameter, Ai, in addition to Aq and f24' 



cut } 



{A, +/24) + 



Ao -Ai -/: 



24 



2Yl +3Y 



DU 



Thus, at this order, all effective soft couplings can be specified in terms of: 



(9-8) 



m. 



0! 



^0, Ai, f, 



24, 



(9-9) 



and the gaugino mass, Mx/2- The remaining arbitrariness in the expressions of the 
various effective trilinear couplings is, at this order, the arbitrariness of the effective 
Yukawa couplings, which are not fixed by their 0(s^)-constraints given in Eq. (|3-9|) . 
Constraints at 0{s'^) among the various effective trilinear couplings do exist. These 
are the 0{s^'m)- and the C'(s^m^)-constraints given explicitly for the couplings Af 
{i = d,e,du,lq), in Eqs. ()7-13p and ()7-14p . They link effective trilinear couplings 
and effective Yukawa couplings at this order making also use of the parameters Aq, 
A-i, /24, and an additional one, A2. Although insufficient to fix the effective trilinear 
couplings completely, they seem nevertheless useful to limit their arbitrariness. 



§10. Picture of effective couplings at the quantum level 



The picture of effective couplings outlined so far, may be valid at the quantum 
level under two obvious conditions: i) the dynamical part of the field 24// that 
appears in NROs can be neglected when considering low-energy physics; ii) NROs 
that do not contain the field 24// are also irrelevant for low energy, except perhaps 
for proton decay and cosmology.'^ These two conditions are not valid in general, 
but only for a limited accuracy of our calculation of sFVs. It can be easily shown 
that, within this accuracy, the effective Yukawa couplings evolve in the same way 
as the couplings of an MSSU(5) model with the SU(5) symmetry broken at 0{s) 
everywhere except than in the gauge sector. Key ingredient for this proof is the 
running of the vevs of the adjoint Higgs field 24//, discussed also in Sec. 12.21 and 
Appendix [Cl 

10.1. Effective-picture validity and allowed accuracy 

It is easy to see that the conditions i) and ii) listed above are in general violated. 
We show it here in the case of effective Yukawa 
couplings, but the same discussion can be applied 
to the holomorphic SUSY-breaking terms. It is 
shown in Fig. [2] how two operators in the super- 
potential, say for definiteness the NRO in Op^\^ 
with coefficient Cg ^ and the renormalizable one 
A55//24//5// induce in the Kahler potential the 
NRO: 




■Sloop ■ 

M, 



(10-1) 



Fig. 2. NRO induced by Op^ and 

\ c c • TI/MSSU(5) 
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The field redefinition needed to reabsorb it: 

5h ^ 5h-xA510mCo^J5m, (10-2) 

shifts also the various terms in the superpotential to induce NROs such as: 

-xX5 10aiY^H0mWmCIJ5m, -xAs iV^ 5^ 5a/ IOa/ Cq^J 5m, (10-3) 

which do not contain the field 24// and are, therefore, not included in the linear 
combinations that define the various Yf, as well as: 

- xA5 (M55m Co,i Wm5h + As 5m C^i 10m24//5//) . (10-4) 

Thus, at the one-loop level, the dynamical part of the field 24// can give rise to 
corrections to some of the coefficients included in the effective couplings Y^ , although 
not to the complete linear combinations that define them. In our specific case, for 
example, it induces a correction to the coefficient of the renormalizable operator 
Op^li of 0(5 X Sloop), since M5 is of the same order of z;24, and one to the coefficient 
of Op^ls itself, of 0{s\oop) and therefore of 0{s x sioop) to the effective couplings Y^. 

Similarly, Op^l^ and a NRO like the first in Eq. pU-3p not containing the field 
24//, for example the dimension- five operators in the class Op^^ in Eq. ()3-19p . give 
also rise at the one-loop level to the Kahler potential NRO 5|^10m5m and therefore 
superpotential NROs such as those listed above. (See Fig.O) The suppression factor 
is also in this case x oc sioopZ-^^^cut if the dimension- five NRO in Op^^ exists at the tree 
level and the various components of its coefficient Cq^ are of 0(1). Strictly speaking, 
some of the flavour component of this coefficient must be sufficiently suppressed to 
avoid conflict with the experimental lower bound on the lifetime of the proton. 
Others, however, may happen to be unsuppressed. 

The same apparently-problematic results are 
also induced, for example, by the tree-level 
NRO N^EmWm^m and the seesaw operator 

-N'Y},5m5h. 

A closer inspection shows, however, that the 
only corrections of 0{s x sioop) are those to 
terms of Y^j^jj and Y^q, i.e. effective couplings 
of Yukawa interactions involving the superheavy 
10a/5h in w^^^^^^'' Higgs triplet H^. Through RGEs, these in- 

fluence effective soft masses squared and trilin- 
ear couplings, and can therefore induce sFVs at 
^(•5 X •sfoop)- In contrast, because the combination ^2 = Afs — (1/2) Y^6/5A5t;24 has al- 
ready been tuned to be of ©(M^eak) (see Sec. 12. 2p . the corrections that the two oper- 
ators in Eq. (|10-4p bring to the effective couplings of the Yukawa interactions that in- 
volve light Higgs fields, Y% and Y% are neghgibly small, of ©((M^eak/Mcut) x sioop)- 
Thus, the picture of effective couplings can be retained at the quantum level if 
we limit the precision of our calculation of sFVs, to be at most of 0{s x sioop), but 
it cannot be used for other quantities, such as the proton-decay Wilson coefficients, 
which depend at the tree-level on the Yukawa couplings of the superheavy fields. It 




Fig. 3. NRO induced by Op^° and 
lOi, 
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will be shown in the next subsection, and proven explicitly in Appendix[Dl that, up 
to a precision of 0{s x sioop) for sFVs, the effective couplings behave as couplings of 
renormalizable operators, i.e. they obey RGEs of renormalizable operators. 

This limitation in precision is certainly not a problem, since it does not seem 
possible to probe sFVs beyond 0{s x sioop) = 10~^. If a higher sensitivity could, hy- 
pothetically, be achieved, the picture of effective coupling would have to be replaced 
by a different treatment of the NROs, or, possibly, would require an enlargement of 
basis, to contain also effective couplings for the NROs themselves. 

The precision 0{s x sioop) is that induced at the one-loop level by NROs of 
dimension five, that is Op^l^ and Op^^l^ in the Yukawa sector, with a nondynamical 
24//. Thus, our calculation of low-energy quantities is not sensitive to quantum con- 
tributions from higher-dimension NROs, as well as to resummation effects obtained 
by solving the RGEs for effective couplings. We nevertheless retain this picture, 
because we find it physically very clear. It leads to straightforward matching con- 
ditions at Mqut and to a transparent interpretation of the boundary conditions at 
the cutoff scale. 

There is one effect of this order that we do not include. As mentioned already, 
we neglect NROs in the Higgs sector. Barring small values of the coupling A24, the 
effect of these NROs is that of producing small shifts in the mass of the superheavy 
fields, such as the colored Higgs triplets. Shifts in the mass of these fields result in 
a modification of the scale at which these fields decouple from light matter. On the 
product of effective couplings that enter in the evaluation of sLFVs: 



^y'^Y^ Inf^ 



cut 



~ Sloop <j Y^Vj^f - - s 



1 



N 



the effect of the shift M^c Mhc{1 + 0{.s)) is 



S X Sloop 



(10-5) 



(10-6) 



This term is of the same order of the term with a square bracket in Eq. ()10-5p . 
Differently than that term, however, this is only a flavour-blind shift of the leading 
term sioopY^Jv^, which does not introduce an additional flavour structure. A simple 
treatment of the GUT threshold in which all superheavy masses are decoupled at 
the same scale also automatically disregards such effects. 

In alternative to the effective-coupling picture, it is possible to use the procedure 
adopted by the authors of Ref. [T9|) . in which each coupling of the various NROs is 
treated separately instead of being collected in a few effective couplings. We refer 
the reader to their work for details. As in our case, also their treatment is valid at 
most at 0{s x sioop), and our analysis of boundary conditions for the NROs is valid 
also in their case. 

10.2. RGB treatment of effective couplings 

The evolution of effective couplings is analogous to that of couplings of renor- 
malizable operators, even above Mqut when the field 24// is still active, provided the 
terms that break this picture are very small. As shown in the previous subsection. 
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these terms do exist, but can be neglected for a target accuracy of 0{s x sioop) in 
the evaluation of sFVs. 

The proof follows exactly the steps usually made when deriving the RGEs in 
renormalizable SUSY models. Since the superpotential is not renormalized, only 
the Kahler potential is subject to loop corrections, which determine the anomalous 
dimensions for the various fields. As a results of these corrections the Kahler potential 
looses its minimality. Its canonical (or nearly canonical) form can be recovered 
through field redefinitions, which affect also the superpotential. The parameters in 
the superpotential and Kahler potential, expressed in terms of the redefined fields, 
are modified with respect to the original ones. These modifications give rise to the 
RGEs for the model. 

A detailed proof in this case of effective couplings is given in Appendix [Dj Here 
we concentrate only on some final steps of this proof, which allow a comparison of 
our analysis to others existing in the literature. 

For simplicity, let us consider a generic superpotential term l^(24//)<^i^2^3) 
with 

1^(2%) = ^C„24^, (10-7) 

n=0 

and suppressed SU(5) indices. The quantity Y((24//)) will become the effective 
coupling for the operator <Pi$2^3, once the field 24// acquires its vevs. 

Through the procedure outlined above, we obtain the following RGEs for the 
original couplings: 

Cn = ill + 72 + 73 + "724h) ^n, (10-8) 

in terms of effective couplings, on which the anomalous dimensions 7^ depend. We 
have neglected here the fact that C„ and the various 7^ in general do not com- 
mute. Since different Cn have different RGEs, with the ratio C„/Co evolving as 
n724^Cn/Co, it seems that the anomalous dimension 724^^ destroys the picture of 
effective couplings at the loop level. The largest effect of 724 on the effective Yukawa 
couplings is oi 0{s x sioop)- Through the Yukawa couplings, also the effective soft 
mass squared are affected, but the largest fiavour-dependent effect is of 0{s x sfo^p), 
and can be neglected. There is, however, a larger effect induced by the anomalous 
dimension 724 on the effective soft masses squared, of 0{s x sioop) • This is due to 
the wave-function renormalization on the n-th term in the expansion of these masses 
in powers of the field 24j/, analogous to the expansion for the Yukawa couplings. 
This effect is flavour independent, and therefore irrelevant for all practical purposes. 
Similarly, for the coefficients of Af^{24:h)- 

A^J24/,) = J^C„24^, (10-9) 

n=0 

the part of the effective trilinear coupling corresponding to Y{24:h) (the only one 
considered in the literature), we obtain: 



Cn = (71 + 72 + 73 + "-724^) Cn + {jl + 72 + 73 + "-724^) ^n- (10-10) 
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The picture of effective couplings seems now to be destroyed by both, 724^:^ and 
724h- Even assuming universal boundary conditions for all the C„ at the cutoff 
scale, Cn = AnCn, with An = Aq, differences such as 

AA = Ai-Ao, (10-11) 

are generated at the one- loop level, and a misalignment of 0(s x sioop) between the 
effective Yukawa couplings and trilinear couplings is introduced by 724^ and 724^ , 
i.e. precisely of the order of the effects that we would like to retain in our calculation. 
This is in addition to the usual misalignment induced also in the MSSM at O(sioop) 
by the corresponding RGEs, expressed by the fact that the ratio (Cq/Cq) evolves as 
(71 +72 +73)- The former is smaller, by a factor of 0{s), but it is not governed by 
the CKM elements as the latter one. 

All these effects are fictitious. To begin with, the running of the vev V24 cancels 
exactly the terms 77.724 in the RGEs for Cn, giving for the effective couplings: 

Y\n = {CnV^4) = (7l + 72 + 73) ^In- (10-12) 

It cancels also the term 71724 in the RGE for C„,, giving for Ap^ln = (C„f24): 

^Fx In = (7l + 72 + 73) In + (7l + 72 + 73 + ^^724^) ^1"' (10-13) 

The term 71724^ this equation is also fictitious. It is cancelled by the running of 
the vev F24 in: 

Ai.,,(24H) = 5^77/24^24^, (10-14) 

n=0 

the other contribution to effective trilinear terms, neglected in the literature, whose 
n-th term evolves as: 

AF24\n = {nf2ACnV^i) = (7l + 72 + 73) ^^24 In - ?^724h^U- (10-15) 

Thus, the correct equation for the complete effective trilinear coupling, A|„ = 
AFy\n + -A-F24\n, is recovered. 

The picture of effective couplings is used at the quantum level also in Ref. I40p . 
No evolution of the vevs of the field 24// is considered there and the correct RGEs 
are obtained only as an approximation, simply by neglecting the terms 77724^ and 
^^724^1 in Eqs. ()10-8p and (jlO-lOp . The misalignment that these terms produce at 
0{s X Sloop) between the effective trilinear couplings and effective Yukawa couplings 
is within the precision of our calculation and we cannot neglect it. 

The authors of Ref. 19) use a different procedure for their analysis. We can, 
nevertheless try to discuss it, using our language of effective couplings. Their RGEs 
between Mcut and Mqut for the parameters corresponding to our C„ and C„, coin- 
cide with those in our Eqs. ()10-8p and ()10-10p . These authors therefore claim that 
a term AA^ as in Eq. (|10-lip is generated. As explained, this should be cancelled 
by the running of the vevs in the effective couplings, which they ignore, together 
with the running of the parameters in the Higgs sector. Thus, such a cancellation is 
not incorporated in their analysis. In particular, because the running of -F24 is not 
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included, they do not realize that their vanishing value of F24 at MguTj which we 
deduce from their matching condition at this scale, is incompatible with an equally 
vanishing value at Mcut, which they seem to adopt. Thus, their effective trilinear 
couplings at Mcut contain already tree-level sFVs, which depend on the angle Od of 
the mismatch matrix that we call Ad in Eqs. (j4T8p and (j4-19p . (See Eq. (j7-lip .) 
We believe that the large dependence on this angle, which they find in the rate for 
/i — )• 67 (see their Fig. 9), is due to sLFVs in their boundary values. 

§11. Low energy sFVs from seesaw mechanism and NROs 

The simplest scenario to deal with, and the one to which we restrict ourselves 
in this section, is the first discussed in Sec. [9l This emerges essentially by imposing 
that the universal couplings of the SUSY-breaking field X to the superpotential and 
Kahler potential are stable under the field redefinitions of Eq. ()8-3p . and that the 
NROs of dimension five can be eliminated from the Kahler potential. It requires 
the minimum number of soft parameters, guarantees universality of the effective 
soft masses squared and the alignment of trilinear effective couplings with effective 
Yukawa couplings. 

The modifications induced in this scenario by NROs in the sFVs of the MSSU(5) 
model, through the effective Yukawa couplings, are twofold. On one side NROs 
contribute to sFVs through RGEs and alter the pattern of sFVs of the MSSU(5)- 
model at 0{s x sioop)- 

The largest effect, however, is that of the mismatch matrices. The mismatch in 
diagonalization of the various effective Yukawa couplings generated by the same class 
of operators, for example Y^, Y\q, and Y^^jj, in the case of Op^^^ , affects also 
the various sectors of the sfermion mass matrices, thereby spoiling the correlations 
between sQFVs and sLFVs. It should be emphasized that these rotations can only 
modify already existing sFVs, but cannot generate them if they do not. (For example, 
the term D^rrij^cD'^* cannot be affected by mismatch matrices if rrij^c is proportional 
to the unit matrix.) Moreover, since their entries, or at least their largest entries, 
can be of 0(1), these mismatch matrices alter the patterns of the MSSU(5)-model 
sFVs, producing modifications that can be of the same order of the sFVs themselves. 

Notice that there is only one mismatch matrix affecting in this indirect way the 
seesaw-induced sFVs in m^c, driven by Yj^^. This is the matrix Ad defined in 
terms of AV^d and a diagonal matrix of phases in Eq. ()4T0p . 

For the fields in the 5m sector, there also sFVs induced by Y\)u and Y\q, 
which involve several mismatch matrices, and for which the level of arbitrariness 
is large. These sFVs are, however, considerably smaller than those induced by the 
seesaw couplings. Similarly, other mismatch matrices affect sFVs for fields in the 
10m representation, which are driven by Y]j ^ ^qQ) ^ije- Thus, this sector is also 
plagued by a large degree of uncertainty/arbitrariness. This is true in particular for 
the right-right sector of the charged slepton mass matrix, which in the MSSU(5) 
model exhibits sFVs induced by the Yukawa couplings of the top quark.l^ 

The importance of the mismatch matrices for breaking the correlation present 
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in the MSSU(5) model between the seesaw-induced sQFVs and sLFVs was strongly 
emphasized in Ref. [T9|) . While the authors of this paper stressed this effect for the 
case of first-second generation transitions, it is easy to see that the correlations of 
the minimal model are also lost in the case of second-third and first-third generation 
transitions.® We show this explicitly, by integrating the relevant RGEs in an ap- 
proximated way, that is, neglecting the scale dependence of their coefficients as well 
as the contributions from all other effective Yukawa couplings. 

We start reviewing first the case of the MSSU(5) model. Since the evolution 
of the seesaw-induced off-diagonal elements of the two matrices m^* and mj^c is 
determined only by the interaction —N'^Y^^Bm^h of Eq. (|2-47p . we find the following 
approximated expressions for their elements with i ^ j: 



m 



m 



2* 
2 



(^gut) 



'2* 



= Mcut 
= A/cut ' 

(IM) 



with the function T defined in Eq. (|E-15p . Here tcuT and tgsw are 



*GUT 



1 , /Mgut\ 
m ' ' 



167r2 V ^cut J ' 
If the assumption of universality of soft masses is made, the function is 



J" Yj 



rlT 

'■N ' 



5m '"^^"' "'5h 



2* 



A 



2{^ml + Al) [Yh^Yh*) 



and the simple relation between sLFVs and some sQFVs is obtained: 



m 



D<^ (ij) 



1 + 



^GUT, 



~ 2 * 



= Afcut 

(11-3) 



(11-4) 



Thus, because the Higgs triplets decouple at MquTj a couple of order of magnitude 
above Mss„, sLFVs are in absolute value larger than sQFVs. 

An inspection of the decomposition of the term BmYn^^h^m for the seesaw of 
type II (see Eq. (j2-47p ) shows that, in contrast, the full SU(5) interaction remains 
active down to Mgsw Thus, in the seesaw of type II, sLFVs and sQFVs are expected 
to be of the same order up to sub-leading SU(5)-breaking effects in the RG flows 
below Mgut- As for the type III, because two of the interactions inducing sLFVs 
and one of those inducing sQFVs survive between Mqut and Mgsw (see the third 
decomposition in Eq. ()2-47p ) the relation between sLFVs and sQFVs depends on 
group-theoretical factors. 

An explicit calculation is particularly simple within the same approximation 
used for the seesaw of type I. Indeed, relations similar to that shown in Eq. (|ll-4p 
are obtained, where tssw has to be replaced by the product of tgsw and the functions 
ni(4sw, ^gut) and riii(tssw; ^gut)) respectively. Including now the seesaw of type I, 
we define a function Vggy, 

(^ssw^iGUx), which in the three cases, has the values: 

-1 



n = 1, 



ni = 0, 



nil 



24 + 10 



(11-5) 
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type I 


type II 


type III (and I) 


mediator 






24m 


interaction 






5h24m5m 


only sLFVs 




LTL 


HuWmL, HuBmL 
H^XmL 


sLFVs&sQFVs 








only sQFVs 




D^SD" 


HuXmD'^ 


|sLFVs/sQFVs| 


> 1 


~ 1 


- 1 



Table I. The SU(5) Yukawa interactions for the multiplets in which the seesaw mediators are em- 
bedded, together with their SM decompositions, listed m different lines depending on the type of 
flavour violation they originate. Signs and numerical coefficients reported in the text are omitted 
here. The expected size of sLFVs versus sQFVs, as defined in the text, are also given for the 
three types of the seesaw mechanism. 



The relation in Eq. ()ll-4p becomes then: 

^D- = -Rssw X mi\i -^ {i j), (11-6) 

with 

(11.7) 

Since the ratio tssw/^GUT is assumed here to be < 1, rni is at the percent level, 
and sLFVs and sQFVs are also of the same order, as in the seesaw of type II. We 
summarize the situation in table HI where we list the SU(5) Yukawa interactions for 
the multiplets in which the seesaw mediators are embedded, their SM decompositions 
(omitting signs and numerical coefficients) and the size of sLFVs versus sQFVs, 
defined as the ratio 1^-^(4 j)/"^£)c(jj)| with i ^ j for the three types of the seesaw 
mechanism. We assume in this table an exact integration of the relevant RGEs, 
which explain the value ~ 1 for this ratio in the case of the seesaw of type II. (The 
value rii = was obtained in a particular approximation.) 

In the nrMSSU(5) models, the parameters mj^c and are replaced by rnjjc 
and rrij^. For the seesaw of type I, a one-step integration of the corresponding RGEs 
gives for the off-diagonal elements of these matrices: 

^D-(i,j) = (*gut) X T{Y^J^,ml,,m%l,m]^c,A]vD)(ii) ^ • 

^ ' (^'-li Q=Mcut 

(11-8) 
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Thus, the elements rrii^ ^-^ are, to a good approximation. 



2* 

— -9 

m 



(11.9) 



)lQ=Mcut ■ 



Since we have neglected NROs in the seesaw sectors, in SU(5)-symmetric bases, it 
is Y]y = FJvd = ^N- After the SU(5)-breaking rotations Z)^ pIAdD'' and 
we obtain the following expression for the elements rrij^c (j : 



m 



(11-10) 



This is valid for all seesaw types. In particular, for the flavour transitions {i, 3), with 
i = 1, 2, we have: 



m 



D'= (j,3) 



'2* 



Rssw X I Af) (i^i) (2,3) "^L*(l,2) + (2,j) (1,3) "^i (2,1) 



+ ^D(l,i) ^D(3,3) "^L*(l,3) + -^13(3,1) ^D(l,3) "^i*(3,l) 
+ AD{2,i) ^D(3,3) "^L*(2,3) + (3,i) (2,3) "^L*(3,2) 



+ ^D(i,j) A}) 



(i,3) 



2* 



~2 * 



D(3,i) ^D(3,3) 



~2 * 2 * 

"^L(3,3)-^L(i,i) 



:iMi) 



with j = (1,2) and j 7^ where the unitarity of the matrix {A£)) was used. If no 
hierarchies exist among the elements of the unitary matrix Ajy, all terms in this 
equation contribute in the same way to the off-diagonal elements, mj^c^^^^^y An 
equally complicated expression is obtained for m^jc 2) in terms of all elements in 
the matrix and of the mismatch matrix A^, which we do not report here. We list 
instead the expression that both m^c j-]^ 2) rn^c 3) get when the approximation 
of Sec. 14.31 is used: 
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D (l,i) ■"■''L (1,3) + (2,i) ''"L (2,3) f (3,3) 
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(11-12) 
(11-13) 



Notice that here and in Eq. (|11-11|) the contributions coming from the diagonal ele- 

—^2 

ments of m^, tend to cancel each others under the assumption of universal boundary 
conditions for the soft terms. 

In the above relations, the prediction of the MSSU(5) model is recovered for 
(Z\z))(i 2) ~ 0, but it is strongly violated if (Z\£))(i 2) ~ (Z\_d)(i^i). Even in such a 
case, there is a relation between elements of m^c and that remains unchanged 
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by the rotation matrix Ad: 
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"^D= (2,3) 
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"^L(l,3) 
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(11-14) 



reported also in Ref. 



§12. Summary 



We have analyzed the issue of flavour and CP violation induced by seesaw 
Yukawa couplings in the low-energy soft parameters of the MSSU(5) model with 
NROs, or nrMSSU(5) models, with the seesaw mechanism. Although our way of 
dealing with these NROs at the quantum level is closer to the procedure proposed 
in Ref. H0|) . we have largely built on the work of Ref. IT?|) . the first to deal in this 
context with NROs to correct the erroneous predictions of the MSSU(5) model for 
fermion masses. The addition of NROs is a minimal ultraviolet completion suffi- 
cient to rescue the MSSU(5) model also from the other fatal problem by which it is 
plagued, i.e. that of predicting a rate for the decay of the proton that is too fast. 

We have gone beyond the analysis of Ref. I19|) in several directions. Differently 
than in Ref. I19p . we have not tried to restrict the number and type of NROs intro- 
duced, complying with the idea that, barring accidentally vanishing couplings, it is 
difficult to confine NROs to a certain sector of the model, or impose that they are 
of a certain type. Their physical relevance, however, decreases when their dimen- 
sionality increases and, depending on the accuracy required for the problem under 
consideration, NROs of certain dimensions can be completely negligible. For our 
calculation of sFVs at a precision oi 0{s x sioop), it is sufficient to include NROs of 
dimension five at the quantum level and the tree-level boundary values of NROs of 
dimension six. In spite of this, we have kept our discussion as general as possible. 

Since their impact is of little consequence for sFVs, we have also disregarded 
the effects of NROs in the Higgs sector. This approximation has allowed us to 
neglect possible modifications of the vacuum structure, which is, therefore, that of 
the MSSU(5) model, although a generalization to the case with nonvanishing NROs 
in this sector is conceptually straightforward. We have studied this vacuum in detail, 
emphasizing the scaling behaviour of the scalar and auxiliary vevs V2a and -F24 of the 
field 24//. We have also shown what an important role these two vevs play for the 
determination of the boundary conditions of various soft parameters and for their 
evolution. 

We have introduced the concept of effective couplings, which get contributions 
from the couplings of renormalizable operators and those of nonrenormalizable ones 
when the field 24// acquires vevs. This concept can be applied to the case of other 
GUT groups (it was indeed introduced in Ref. H0|) . for a SUSY SO(IO) model) and 
can also be used when the superheavy Higgs fields acquiring vevs are not in the 
adjoint representation. 

By making use of these couplings, we have analyzed in full generality the amount 
of arbitrariness introduced by NROs in the Yukawa sector, which in general spoils the 
correlation between the seesaw-induced sQFVs and sLFVs typical of the MSSU(5) 
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model. This arbitrariness can be parametrized by several diagonal matrices of ef- 
fective Yukawa couplings and several matrices of diagonalization mismatch, each of 
them expressed in terms of mixing angles and phases. The parameter space opened 
up by the introduction of NROs in this sector is, indeed, quite large. It is precisely 
this arbitrariness that allows to slow down the decay rate of the proton. 

We have pointed out that the suppression of this rate through NROs in the 
Yukawa sector may have an important feedback for the evaluation of sFVs. We have 
shown that the correlation between the seesaw-induced sQFVs and sLFVs typical 
of the MSSU(5) model, remains practically unchanged in a particular point of the 
above parameter space in which the decay rate of the proton is suppressed. We have 
also pointed out that different NROs, in addition to those in the Yukawa sector, 
could yield the necessary suppression of the proton-decay rate and argued, as a con- 
sequence, that the suppression of this rate by NROs does not necessarily guarantee 
that the pattern of sFVs in nrMSSU(5) models remains that of the MSSU(5) one. 

The concept of effective couplings has allowed us to formulate in a general way 
the problem of possible sFVs at the tree level, i.e. in the boundary conditions of soft 
parameters, which NROs in general introduce. It has provided a tool to address the 
problem of finding conditions to be imposed on the couplings of the SUSY-breaking 
mediator X to the superpotential and Kahler potential to avoid such tree-level sFVs. 
(See Sees. 17.11 and 17.21 ) This is because the usual requirement of universality of 
these couplings, that is, of blindness to flavour and field type is not sufficient in the 
context of models with NROs. We have called this blindness weak universality. 

We have shown that the needed special conditions can actually be obtained in a 
general way in models with NROs, by imposing that this universality of couplings of 
X to the superpotential and Kahler potential are stable under the field redefinitions 
of Eq. (j8-3p . and that the dimension- five operators in the Kahler potential can be 
removed. This has lead us to identify a special type of universal couplings of X to the 
superpotential and Kahler potential, or strongly-universal couplings, which amounts 
to having, in the same basis, the factorizable form of Eqs. ()8-8p and (jS-lSp for these 
two potentials. Clearly, in models with vanishing NROs, such as the MSSM, the two 
notions of universality coincide. 

When this type of strong universality is advocated, the soft SUSY-breaking 
terms can be described by the usual four parameters, friQ, Ao, Bq and M1/2, and the 
only arbitrariness induced by NROs in the predictions of the seesaw-induced sFVs 
is that of the Yukawa sector. If we impose {Bq — Aq)'^ = fn^ the situation is like that 
emerging by taking the flat limit of models embedded in minimal supergravity. In 
both cases, an ambiguity appears at the GUT scale in the determination of the MSSM 
B parameter, depending on how the tuning for this and the MSSM ^ parameters 
are made. 

We have found that it is possible to extend the picture of effective couplings 
to the quantum level, obviously not in general, but within certain limits. These 
limits restrict the accuracy that can be obtained for the evaluation of sFVs in 
nrMSSU(5) models treated in this way. The maximal accuracy that we can achieve 
is of 0(s X Sloop)- Nevertheless, this is more than adequate for our study of sFVs. 
We have shown that within this accuracy, the nrMSSU(5) models can be treated like 



68 



F. Borzumati and T. Yamashita 



renormalizable ones, as the effective couplings do obey RGEs typical of renormaliz- 
able models. Clearly this is not true for the original couplings of the various NROs. 
The evolution of the vevs of the field 24:h, however, corrects for the difference in 
the running of these original couplings, which enter in the definition of the effective 
couplings, and the running of the effective couplings themselves. As shown in Ap- 
pendix [Cl this fact is completely general, and it applies to: i) other GUT groups, 
ii) the case in which the fields that acquire vevs are in representations different than 
the adjoint, in) the case in which NROs are included in the Higgs sector. 

Within the accuracy of our analysis, the one-loop results obtained with this 
method are not different from those obtained with the more conventional method of 
Ref. I19p . when the running of the two vevs V2i and i*24 is kept into account. The 
effect of this running is missed in the existing literature.'^''^ (See for example the 
discussion at the end of Sec. 110.21 ) 

We have insisted on this effective picture as it gives, in our opinion, a very clear 
physical interpretation of the parameters of these models and include the running of 
the vevs in a natural way. 

We have given complete lists of RGEs for the nrMSSU(5) models, together with 
those for the MSSU(5) model, and for the MSSM, for all the three types of the seesaw 
mechanism. (This last set of evolution equations are needed at scales below Mqut-) 
Some of these RGEs are presented here for the first time. The others, provide a 
check of RGEs existing in the literature, which we correct, when possible. 

Finally, by making use of approximated solutions of the above RGEs, we have 
sketched how the predictions for the seesaw-induced sFVs can be modified by the 
presence of NROs in the Yukawa sector, in the scenario of strongly- universal cou- 
plings of X to the Kahler potential and superpotential. Modifications are induced not 
only in first-second generation sFVs, but also in those involving the third generation. 
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Appendix A 

Embeddings in GUT representations: normalizations and group factors 

Lepton and Higgs doublets of SU(2) are contained in Splets of SU(5); antidou- 
blets in Bplets, witli the antidoublet of, say, L given by eL. We remind that e 
is the 2x2 matrix proportional to the Pauli matrix cj2 (e = io"2), with elements 
fill = £22 = 0, ei2 = —621 = 1- Thus, the SM decompositions of 5^./, 5h and 5h are: 

'^"'^ = ( (.lI ) • '^"'^ = ( \lt ) • '^"'^ = ( (S!: ) • 

where A, like all SU(5) indices denoted with upper case latin letters, is decomposed 
into SU(3) and SU(2) indices, denoted respectively by lower case latin letters and 
lower case greek ones. The lOplet of SU(5) is usually expressed as a 5 x 5 antisym- 
metric matrix: 

m.Us = j,('f' (A.2) 

V2 \ Qab -ea/sE" J 

with Cabc antisymmetric in the exchange of two contiguous indices, and £123 = 1- The 
multiplication rule IO^jIOm = (10^/)a_b(10m)^b = Tr(lojy^lOM), together with the 
coefficient I/V2, guarantees that the kinetic terms for lOjvf are correctly normalized. 

The SU(2) doublets Q, L, and in the previous two equations are, as 
usual, 

u \ ^ f N \ „ f H''^ \ „ f m 

d 

The SU(5) multiplication of a 5 and a 5 multiplet, such as in Wrhn in Eq. ()2-46p . 

M 



is understood to be trivially ^m^m = {^m)a{^m)a- The first two terms of w^^^^*^^) 



in Eq. ([22]) are 

5MlOAf5H = (5m)a(10j\/)ab(5h)b, 

IOmIOmSh = eABCDE{'^^M)AB{'^^M)cD{^H)E, (A-4) 

with a fully antisymmetric e abode and 612345 = 1. These multiplication rules and 
the embedding of doublets and antidoublets in 5 and 5 multiplets specified above, are 
consistent with the usual multiplication rule for SU(2) doublets, LHci = LaeapiHii)^-, 
and the SU(3) multiplication, D^U^H% = eabcDlU^{H%)c. 

Given all the above definitions, it is easy to see that the SM decomposition of 
the two terms in W^^^^*-^^ is 

V2bMY^lQM^H =-D''Y^QHd - E^Y^^LHa - LY^^QH^ - D^Y^WH^, 
-^WmY'HOm^h = U'Y'^QHu + ^QY'^QHS + U'Y'^E'H^; (A-5) 



that for the Yukawa interaction in Wrhn can be read off from Eq. (|2-47p . 
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The Higgs field 24:h is accommodated into the traceless 5x5 matrix: 



(24h)ab 



{GH)ab {XH)al3 
{eXH)ab {eWH)a/3 





(A-6) 



where the subscript index H distinguishes its components from tliose of the gauge 
field in the adjoint representation 24, G, X, X, W, and B. We define {24:h)ab = 
V22^jjT\s (i = l,-,24), and similarly (GH)ab = V2G)jT^f, {i = 1,...,8) and 
{WH)ap = y/^Wj^K'js'^^ = 1'2,3). The symbols T' denote, as usual, SU(5) 
generators, with TrT^T^' = (1/2)5^^. The field Xh is an SU(2) doublet and an SU(3) 
antitriplet and has hypercharge 5/6; Xh, with hypercharge —5/6, is an antidoublet 
of SU(2) and a triplet of SU(3). The field Bh, or 24^, is a SM singlet, and V2Tl% 



is the quantity yV^ diag(l/3, 1/3, 1/3, -1/2, -1/2) that multiplies it in Eq. (lA^ . 
It is the field Bh that acquires the SU(5)-breaking vev (Bh)'- 



Bh^ {Bh)+B'h. 



(A-7) 



In the limit of exact SUSY this vev coincides with V24 of Eq. ()2T3p . 

With these ingredients it is easy to obtain the SM decomposition of the terms 



in W, 



MSSU(5) 



H 



(Eq. (j2-3p ). The first two terms give rise to: 



with fi2 and fi^ defined in Eqs. (|2T4p and (|2T5p . and to: 



(A-8) 



c 



Gh+\IIIb'h 



Bd + [H^XhHci + HuXhHj^^ 



Wh 



6 1 

52" 



B', 



H 



(A-9) 



Finally, for the products of 24/^, we remind that: 
{2AHf = Tt{2Ah24h), 

{24H f = (l/2)Tr({24j^,24H}24H) = Tr(24i^ 24^^24^). 



(A-IO) 



The last relation is not general, but applies to the specific case considered here. 



Thus, for the last two terms in W, 



MSSU{5) 



H 



we obtain the decompositions: 



24h^ = Bh^ + Y^iG'nf + Y^iWjjf + {XhXh - XhXh) 



24h' 



\,Bh^^3^1bh 



\ Y.^G^H? -\Y.^Wljf +\xhXh +\xhXh 



+ 



(A-11) 
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Once the field Bh acquires its vev, the superpotential mass terms for the fields B'j^, 
Gff, and Wjj become, in the supersymmetric limit: 

- iM24 {B'^f + I (5M24) Y^iGH? - \ (5M24) Y.^Wh)\ (A-12) 

i i 

whereas the Goldstone bosons Xh and Xh remain massless. 

The matter fields 2Am are as 2Ah-, with the subscript index h replaced by m 
everywhere. Three such fields are introduced for the implementation of the seesaw 
of type III, labelled by a flavour index, which is suppressed in this appendix. The 
decomposition of the mass term 24Af M24jj^24m, appearing in W24M of Eq. ()2-46p . 
follows that of 24^. The product 24^24^24^^ in the last term of W24M5 in contrast, 
is not as simple as the product (24jy)^ discussed above. This is because there are, in 
reality, two ways to obtain a singlet out of the product of three adjoint representations 
of SU(5). Indeed, the product of two 24's is 

24 X 24 = 1 + 24^ + 24^1 + ••• , (A-13) 

where 245 and 2Aa correspond, respectively, to a symmetric and an antisymmetric 
product. In the case of (24//)^, the antisymmetric part vanishes. In contrast, since 
more than one field 24jvf exist, the antisymmetric product of two different 24^./ does 
not vanish, and 24j\,/24j\,/24// gets contribution form both, the symmetric and the 
antisymmetric product: 

(24i^24H) = (l/2)Tr({24Af , 24m} 24^) + (l/2)Tr([24A/, 24Af ] 24^). (A-14) 

Thus, two distinct interaction terms with different Yukawa couplings 5^4jj^ and 
^"Am 6xist. The decomposition of the term 5^24^/1"^^^^ 5a/ in VF24M is given in 
Eq. (j2-47p . where the terms HuWuHd and HuBmH^ are understood as H^eWM^Hd 
and BM^Hd, respectively. 

The 15 H and 15 h representations are expressed as 5 x 5 symmetric matrices: 



(15//) 



AB 



^ Sab —J^{Ql5)al3 
1 



AB 



1 



(A-15) 



In these matrices, S and S are singlets of SU(2) and a 6plet and 6plet of SU(3), 
respectively; Q15 has the same SU(3) and SU(2) quantum numbers of Q in Eq. (jA-Sp . 
Qi5 the opposite ones: 

Ul5 \ rS ( -Dl5 



Qi5 = ( 1 , Qi5 = ( f^;; ) , (a-i6) 
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T and T are singlets of SU(3) and a triplet and an antitriplet of SU(2), respectively. 
Explicitly: 

/ — \ ( — 

f = 



1 ^ 

\ V2 



1- ^ 



(A47) 



The factor l/v2 in the off-diagonal elements of 15^^ and 15h is introduced in order 
to obtain the correct normalization of the kinetic terms for 15 h and 15 h- We remind 
that 

15^15// = (15|^)ab(15//)ab, 
15^15_ff = (15^)ab(15h)ba, 
15fl-15jf = (15h)ab(15h)ba, 

BmISj/Sm = (5Af)A(15//)AB(5M)B, 

15h24h15h = {15h)ab{24h)bc{15h)ca, (A-18) 

with similar rules hold for 5^/15^5^ and 5h15h5h- 

Thus, the bilinear combination of the fields 15h and 15h in the mass term 
Mi515h15h in PFish in Eq. (I2^ is 

55 + Qi5Qi5 + Tf, (A-19) 

where TT = TeTe^ . The SM decomposition of the first interaction in Wish can be 
read off from Eq. ()2-46p . The remaining terms proportional to Xd and Xu in Wish 
are 

■^Xd5h15h5h = -^Xd {h^SH^ + V2H%Qi^Hd + H^THd] , 
^Xu5h15h^h = ^Xu [h^SH^ - V2H%Qi^H^ + F„f F„} , (A-20) 

where the SU(2) multiplications of HdTHd (as well as of LTL in Eq. (|2-47p ) and of 
HuTHu are understood to be: Hje^TeH^ and H^eTe^Hu- 

As for the proton-decay NROs in Eq. ()3-19p . the product of matter fields is 
understood as: 

[{10M)hiWM)i][i5M)jiWM)k] = 

eABCDx[iiWM)AB)hiiWM)cDM{i5M)E)j{ilOM)Ex)k], (A-21) 

with all SU(5) indices A,B,C,D,X summed over {1,2,3,4,5}. The fields 24^ in 
this NRO are understood to be inserted anywhere along the string of matter fields. 
That is, Op^^ share the same type of complication that Op^^ has. 
The NROs in Op^^ are, indeed, 

I ^ / 1 

Op^^ = --eABCDE {Wm)a'B'{Wm)c'D'{5h)e' ^ ij-7 — ] 

X Cn„n3,n„n. ^Hr/'A C^^hTb'' B (2%)^^^ (2%)^''^ (24i/)^«,^, (A.22) 
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where it is assumed: 

(24h):Ib = 6ab for n = 0. (A-23) 

Notice that when k = 1, i.e. in the case of NROs of dimension five, the five terms 
in the above sum are not all independent: they reduce to the two terms of Op^^l^ 
in Eq. (j3-3p . The number of independent terms, however, increases rapidly with the 
number of dimensions. There are five, when k = 2: 

Op'°l6 = -77^ [Wm (24^^)2 10m5h + 10a/ C^^b Wm 5h {24h)^ 

+ lOAf Cll, {24h) Wm (24^) 5^ 



+ Wm Cll^b (2%) 10a/ 5h {24h) 



+ Wm Cl^-c (24i;)10Af (24h) 5h 



(A-24) 



with coefficients that are linear combinations of the original C',^'j',n2,n3,n4,n5's- 
The contractions of SU(5) indices for the NROs in Op^l^ and Op^^l^ is 

~5m24JjWm5h = i5M)Ai24H)BAiWM)Bc{5H)c, 

5mWm24:h5h = (5m)a{Wm)ab{24:h)bc{^h)c, 

WmWm24:h5h = eABCDE{WM)AB{WM)cD'{24:H)D'D{5H)E, 
WmWm5h24:H = eABCDEiWM)AB{WM)cDi5H)E'i24.H)E'E- (A-25) 

Those for the NROs in Op^^l^ are at this point a simple exercise. 



Appendix B 

Flavour rotations and identification of SM fields 

We remind that two different unitary matrices are needed to diagonalize a generic 
matrix Yq, whereas only one is needed to diagonalize a symmetric one I5: 

Yg = U^YgVg, Ys = WjYsWs, (B-1) 

and that any unitary matrix can be parametrized as follows: 

U = e'^vp^'^KuP^\ (B-2) 

Here Kjj and P^^ {i = 1, 2), like all K- and P-matrices in this paper, are respectively 
a unitary matrix with three mixing angles and one phase (the CKM matrix is of this 
type) and diagonal phase matrices with two nonvanishing phases and with det pjj'^ = 
1; (pu IS an overall phase. 

Thus, Yg and I5 can be recast as: 

Yg = e^^o [KuaPij^f Yg Pg {KvoP^^ , 

Ys = e'^^ {KsP^Y Ys Ps (KsP^) • (B-3) 
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This is nothing but a reshuffling of the parameters of Yq and Ys- The eighteen 
independent parameters of Yq are distributed among the three real and positive 
eigenvalues cohected in Yq, six mixing angles in Ku^ and Kvq, and nine phases: 

(2) (2) 

two in each of the matrices Pij^, ^vji one in each of the two matrices Ku^ and 
Ky^ and one in the overah factor e*'^'^. Similarly, the twelve parameters of Ys are 
distributed among three real and positive eigenvalues, three mixing angles in Ks^ 

(2) 

and six phases, four in Ps and Pg , one in Ks^ and one in the overall factor. 

If the Yukawa matrices Y^ and Y^^ in W^^^^*'^'' in Eq. (|2-2p are diagonalized 

as: 

y5 = ys^io, = wJ'qY^^'Wio, (b-4) 

the following flavour rotations of the complete SU{5) multiplets 5m, 10m: 

5m ^ ^55m, 10m ^ 1^10 10m, (B-5) 

reduce the first interaction term of VFj^^^^^^^ to be diagonal. By expressing the 
unitary matrix VF/q^io ^ 

wloVw = pSKi^Pw^^'^'' = UcKM, (B-6) 

where Kiq will be identified with the high-scale CKM matrix, and by further re- 
defining 5m and 10m as: 

5m ^ e^^iopg^SM, 10m ^ e-^^ioPi^o') ^Om, (B-7) 

we obtain the form of W^^^^^^^ given in Eq. ()2-4p . 

The choice of the SU(5)-breaking rotation of Eq. (|2-6|) is specifically made to have 
the CKM matrix in the up-quark sector of the MSSM, as Kiq is in the lOM-sector 
of the MSSU(5) model, whereas the rotation: 

5m = e-'^'P^L}, 10m = {kIQ, K^pIoU', e'^'PiE^}, (B-8) 

has the effect of shifting the CKM matrix in the down squark sector of the MSSM: 

^/MSSM ^ jjc _ jjc (ydKI^^) QHd - Yd LHd- (B-9) 

The flavour bases in this equation and in Eq. ()2-8p are the most commonly used in 
the MSSM. The basis in which ]^'MSSM ^.j^g 

^/MSSM ^ (^kI^^YuKckm) QHu - I)' Yd QH^ - Yd LHa, (B-10) 

is used in Ref. [35|) . (See Sec. \5\) Except for the removal of the phases in Pio, this 
special form does not require SU(5)-breaking rotations to match the MSSU(5) model 
with the MSSM at Mgut- 

Notice that we could have also chosen to parametrize Y^ and Y^^ in W^^^^^^^ 
in such a way to have the matrix Kiq in the 5m sector: 

^Mssu(5) ^ ^g^^ (y'kIp}^) 10m5h - ^IOm l"'" Wm^h- (B-11) 
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For this, it is sufficient to rotate the field IOm with the matrix Wiq instead than 
with Vio as done above, and 5m as in Eq. ()B-7p . Starting from this superpotential, 
which basis for the up- and down-quark sector for the MSSM superpotential should 
be used is again a matter of choice. 

Of the two complex matrices in Wrhn in Eq. (j2-46p . is a generic complex 
matrix, Mjv, a symmetric one, and are diagonalized as follows: 

= Uj^^Y^V^, Mn = W]^^MnW]^. (B-12) 

Thus, for the diagonalization of the mass term in VFrhn it is sufficient to fiavour 
rotate N": 

N^^wIjN^. (B-13) 
This and the two rotations of 5a/ transform the Yukawa term into: 

g.<^io^c ^^i^^i^Yy}, 5m5h, (B-14) 

which can be recast in the form: 

e'^m- {PfKlD [P^K\r^) Pi 5m5h, (B-15) 

once the two unitary matrices {UlJwj^) and {V^^V^)Piq^ are parametrized as in 
Eq. dEl]). 

That is, no reduction of the original eighteen parameters of Y^ is possible. How- 
ever, below MguT) the freedom in identifying the SU(2) doublet and singlet leptonic 
components of 5m and 10m (see Eq. (|2-6|) ) allows the elimination of three phases in 
the purely leptonic part of this interaction term, say e^'^^Pj, and the identification: 

Yl = PfKljlY'^P,'K\.^. (B-ie) 

The situation for the seesaw of type III mirrors exactly that for the seesaw of 
type I. The matrix M24M is diagonalized as Mjv, reducing the Yukawa interaction 
to: 

e^^- 5,, 24m {PruKj}'/) Yk'' (^iii^y^) ^m, (B-17) 

and the connection between yj^^ and Y^^ is as in Eq. (|B-16p . with the replacement 
I III. 

For the seesaw of type II, the symmetric matrix Y^ is diagonalized as Ys in 
Eq. (jB-ip . and no diagonalization is needed for M15, which is just a number. Thus, 
the first Yukawa interaction in VF15H reduces to: 

e*''^"^5MPii {K'^^PrifY}} {K'^^Pri) Pu15h~5m. (B-18) 

As before, the phase and the two in Pu can be eliminated in the purely leptonic 
part of this interaction. The Yukawa coupling of this part, has therefore only nine 
physical parameters, those in the symmetric matrix yj^, which can be expressed as: 

y," = (K'^^Pri) Y}l {K'^^Prf . (B-19) 
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Appendix C 

Evolution of the vevs of the field 24/^ 

We show here that the RGEs in Eq. (j2-27p hold in a model-independent way for 
the leading components of the scalar and auxiliary vevs of any chiral superfield (pj, 
with anomalous dimension 7^, provided the scalar vev of (pj: i) exists in the SUSY 
limit, i.e. it is determined by superpotential parameters; ii) is much larger than the 
SUSY-breaking scale fh. We call Vj the vev of (pj in the SUSY limit , and M the 
superpotential large scale that determines it. 

As usual, we expand the superpotential and Kahler potential in powers of the 
SUSY-breaking vev Fx over the cutoff scale, Fx/Mcut = fx, which we denote gener- 
ically by in: 

W{m) = W + mO^W, 

K{m) = K +[me'^k + }l.c.] + 0{m'^). (C-1) 

The scalar potential is then given by 

V = -F'KjFj + [{W^ - mk^)Fj + mW + H.c] + 0{M'^m^), (C-2) 

where, differently than in the text, we use covariant and contravariant indices. The 
symbols Fj (F^) denote the auxiliary components of the chiral (antichiral) multiplets 
<pj ((/)*). In contrast, a subscript (superscript) index in V, W, W, K, and K denotes 
the derivative of these functions with respect to (p^ {(pi). 

From the derivative of the scalar potential with respect to Fj, we find: 

F' = {W^ - mk^){K-'^)i, (C-3) 

which allows to recast the scalar potential in the form: 

V = {W^ - mk^){K-^)]{Wi - mKi) + [mW + H.c] + 0{M'^m^). (C-4) 

Notice that if it is possible to reduce the Kahler potential to its canonical form, 
with K = {) and = (5*, then the scalar potential reduces to that of Eq. (|2-18p in 
the specific case of the MSSU(5) model. The condition of minimality of the Kahler 
potential is, however, not required in the following. 

In the SUSY limit m — t- 0, the auxiliary component F^ must vanish and there- 
fore: 

= 0, (C-5) 

which determines the scalar vev Vj independently of the Kahler potential, in general 
oiO{M). 

For nonvanishing fh, this scalar vev so obtained is shifted by terms of 0{fh) and 
an auxiliary vev is also generated. At 0{M'^fh), the vacuum condition is: 

= W^^{K-^)i{Wi - mKi) + mW'' + 0{Mm^) = 0, (C-6) 
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where we have used the fact that Wi, and therefore also (Wi — ffiKi), are at most 
of 0{Mm), from which we obtain the leading, nonvanishing contribution to the 
auxiliary vev, of 0{Mm): 

F, = {K-^)]iWi - mKi) = -m—j: + 0{Jh^). (C-7) 

In spite of the apparent dependence on the Kahler potential shown by the first 
equality in this equation, Fj is in reality determined by the superpotential only. 

Through the same analysis it is easy to see that the higher order terms bvj^ 5Fj 
and of the scalar and auxiliary vevs of 4>j expanded in m/M do depend on the 
Kahler potential. Thus, their evolution equation is sensitive to the vertex corrections 
that this potential gets at the quantum level and are, therefore, quite different from 
those for Vj and Fj. 

Having established that Vj and Fj are independent of the Kahler potential, 
it is then easy to obtain their evolution equations independently of their specific 
expression. Redefinitions of the field (pi act as: 

^exp[(7,- + 7,-^2^ t] {(pjY, (C-8) 

with the label r distinguishing the redefined field. Since these redefinitions are just 
a renaming, we can equate the vevs of the left-hand side and right-hand side in this 
equation, obtaining: 

\ miY) - = - {l,v, + [7,F, + l,v,] } + (C-9) 
which reproduces Eq. (j2-27p in the limit t — t- 0. 

Appendix D 

Renormalization of effective couplings 

We prove in this appendix that the effective couplings evolve all the way up to 
the cutoff scale following RGEs that are formally those of an MSSU(5) model broken 
at 0{s), but with gauge interactions respecting the SU(5) symmetry. We prove this 
specifically for the 5^/ sector with a type I seesaw. We rewrite the superpotential 
class of operators Op^ as: 

Op' = V2 {5m) A {Y'i24H))ABCD (10a/)bc , (D-1) 

where the effective coupling Y'{24h) is defined as: 

with (24/f)^^ defined in Eq. (|A-23p . It will be shown later how the effective couplings 
(i =d,e,du,lq) used in Sec. 13.11 are related to this. Similarly, we rewrite Op'(X) 
in Eq. ()6-3p . which gives rise to Op', as: 

Op'iX) = V2 (hi) A (y\x,2Ah)) ^^^^ {WM)Bci^H)n, (D-3) 
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^ 5 

with {Y {X,24h))abcd defined as 



We expand 1"^(24//) around the vev of 24/^: (24^^) = ^/2 (24^4 )r24 + 24'^:^, with 
T^^ the 24th generator of SU(5), and 24'j:^ denoting the quantum fluctuations of the 
field, including the Nambu-Goldstone modes: 

Y\2\u) = F^((24h)) + 1^''((24h))24^ + 0(24^'), (D-5) 

where we have suppressed here all SU(5) indices. (These indices should be handled 
with care in the second term, where the prime indicates the derivative with respect 
to the field 24//.) We shall reinstate them back when it is important to show the 
SU(5) structure in quantities containing these couplings. 

As discussed in Sec. 12. 2^ (24|^) is decomposed in the vevs of the scalar and 
auxiliary component, {Bh) and {Fb^j), as in Eq. (j2-10p . At the leading order in 
m/McuT, which is sufficient for this discussion, it is {Bh) = 'U24 and {Fsj^) = F24. 
Thus, the lowest order in this expansion is 

YH{24H))^Y^ + e^A%^= f: ^^.™(^r7^^^Mr(^^^T' (^-^^ 

n+m=0 ^ ^ 

where the lower labels in the generator T^*^ denotes whether it is acting on the 
representation 5m ov 5h- Notice the use of the symbol Y^ for the term in which 
all vevs are scalar, and of ^1^24 term in which one of them is the auxiliary vev. 

It is justified by the fact that Y^ and Ap^^ reduce to the couplings in Eq. (|3-6|) and to 
the couplings discussed in Sec. 16.11 when the generators T^^ in this equation 

are replaced by their eigenvalues. Contrary to that of Sec. [3l the formulation given 

here allows us to maintain an SU(5)-symmetric structure. 

^ 5 

Similarly, the lowest order in the expansion of Y (X, 24//), with X also replaced 
by the vev of its auxiliary component, is 

r((X>,(24//)) = ^^AVx = 0'E ^nJw^ (^^d (^^S) ' 

n+m=0 ^ ^ 

and the complete effective coupling A^ is 

A' = A'p^ + A%^. (D-B) 

We are now in a position to calculate the one-loop corrections to the Kahler 
potential coming from the above effective couplings. For example, the corrections to 
5m^*m due to the effective coupling Y^{24h), with the fields 10m and 5// exchanged 
in the loop, are 

Y'{2Ah)Y'\24h) + y\x, 24//)r5t(24^) 



6IC D -4t5A/ 

+Y'{2Ah)y'\x, 24//) + y\x, 24//)y'\x, 24//) 5*^, (D-9) 
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where t is the usual factor t = ln((5/(5o)/(167r^). The saturation of SU(5) indices 
not shown in this equation, is, for example for the first term, as follows 

{Y'{2Ah))^,^,c'D' \ (^b'bSc'c - Sb'c^c'b) Sd'd (y^H'^^h)) ^^^^ • (D-10) 

In this expression, the indices A and A' are to be contracted with those of 5m and 
5\.f, and the factors {1/2){6b' b^C'C — ^B'C^C'b) and 8d'D come, respectively, from 
the propagators of the fields IQm and f>H exchanged in the loop. For vanishing 
NROs, it is Y^{2Ah)abcd = Y^6abScd, and the ab ove product reduces to: 

26a'aY^Y^I (D-11) 

The other terms in Eq. (|D-9p for 5IC have the same SU(5) structure. 

The form of 6IC simplifies considerably if we neglect the quantum fluctuation 
24^. In this limit it is easy to see that the corrections to 5m5*m listed above, indeed, 
decompose in the corrections to the terms D^D'^* and L*L. We show this explicitly 
for the first term of Eq. ()D-9p . 

When the dynamical part of the field 24:h is neglected, the coupling 1^(24//) 
reduces to that of Eq. (|D-6p . and the SU(5) indices ABCD are now carried by the 
generators T^^: 




(D.12) 



By plugging this expression in Eq. ()D-10p . we obtain: 




We focus on the first Kronecker 5 in parenthesis. The second one, due to the an- 
tisymmetry of field 10m 5 taken with its minus sign, gives the same result of the 
first and cancels the factor 1/2 in front of the parenthesis. The original SU(5) in- 
dices appearing in Eq. (|D-10p are now fixed as follows: A' = B' = B = A and 
C = D' = D = C. The index A, equal to A' fixes the component of the external 
fields 5 M and . The choice of this index corresponds to picking up the corrections 
to D^D^* and L*L in the Kahler potential. Similarly, the value of the summed 
index D fixes the component of the field 5ff running in the loop: a component of 
H'^ when D D {1,2,3}, and a component of when D D {4,5}. The fact that 
the indices B and C are fixed indicates that the component of the field 10m in the 
other propagator of the loop is also automatically fixed by the symmetry. That is, 
the following choice for A and D: AZ) {4, 5} and D D {4, 5}, but with A^ fixes 
the external fields to be L* and L and the fields exchanged in the loop and E^. 
By choosing D in the set {1,2,3}, the fields exchanged in the loop are and Q. 
Thus, for each of such choices, the external fields and 5^^ decompose in their SM 
components. It becomes, therefore, possible to assign the eigenvalues of and 
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Tg^ in each diagram, and the corresponding effective couphngs get assigned to the 



two vertices of the loop. The previous product becomes now: 



n'+m'=0 r!+m=0 \ cu / \ cu / ^ 

(D-M) 

with the sum over D now replaced by the sum over i =d,e,du,lq. That is, indeed 
splits into the four couplings Y^, and, still in the limit in which the dynamical part 
of the field 24// is neglected, Eq. ()D-9p breaks into an equation with the corrections 
to the term D^D"*: 



SK D -tD'Y^^lD^A yK2^h)yV{2^h) + y\x,2Ah)yI\2Ah) 



;5t 



5t. 



+Y^i{2AH)Y, '(X, 2Ah) + r,(X, 2Ah)Y, '(X, 24//) 



(D-15) 



and another one with the corrections to the term L*L. The group factors c^^c j) and 
C(L,j) are in general different for distinct indices i, but reproduce the coefficient 4 in 
Eq. (|D-9P when summed over c^^c j) = I]j C(i^j) = 4. 









Fig. 4. One-loop diagrams contributing corrections to the Kahler potential and effective vertex: the 
black circle denotes the effective coupling as shown in the bottom figure. Ifere a single (double) 
line terminated with ® indicates the vev of 24h (the auxiliary field X). 



After the above discussion, it is easy to see that the one-loop diagrams expressed 
in terms of effective coupling correctly sum up all the one-loop diagrams expressed 
in terms of the original couplings, as schematically illustrated in Fig. HI In the figure, 
the four diagrams in the top correspond, in order, to the four terms in Eq. ()D-9p . 

The part of the corrections in which 24^ is neglected, can be reabsorbed by field 
redefinitions, as the chiral field 24// is replaced by its vevs (numbers) and an SU(5) 
generator. This is not true for the contributions to these corrections in which a chiral 
field 24// and an antichiral one acquire the auxiliary vev. These terms will end up 
contributing to the effective soft masses squared, as usual. This procedure, repeated 
for all fields, defines all anomalous dimensions in terms of the effective couplings. 



Thus, suppressing SU(5) indices, we can express 75^^^ as: 



75. 



gauge contr. 



_|_ ^■JA5*-y^5r _|_ 



(D16) 
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where in the dots are included the contributions from all other effective Yukawa 
couplings, whereas all remaining quantities are collected in C-v- • Notice that, in the 

'5 m 

limit of vanishing NROs, the product of effective couplings in this anomalous dimen- 
sion reduces to the expression in Eq. (|D-lip and we recover the numerical coefficient 
in the anomalous dimension 75^^ of Eq. (|E-63p . The corresponding quantity 75^^ is 

75m = { - [gaugino contr.] + 41^^ * A^^ + • • • } + C^_^^ , (D-17) 

with C-v- playing the same role that C-y- has for 75 Notice that it is truly 

the complete effective coupling that appears here, to which both, Y\24h) and 
~ 5 

Y (X, 24h), contribute. The minus sign in front of the [gaugino contr.] is just a sym- 
bolic reminder of the fact that this term has opposite sign to the term [gauge contr.] 
in the definition of T'g^^ . 

We remind that the terms expressed in term of effective couplings in 75^^ and 
•75^^ are just numbers (with generators) and do not consist of any dynamical field. 
This is not true for the quantities C-v- and C-y- , which collect all the contributions 

I5m '5m 

that cannot be expressed in terms of effective couplings, in particular, those discussed 
in Sec. 110.11 As already remarked there, these quantities do break the picture of 
effective couplings. They are not, in general, subleading with respect to the other 
terms in 75^^ and 75^^, but they give rise to subleading contributions to sFVs. Thus, 
we neglect them in the following discussion. 

Field redefinitions through the just defined anomalous dimension, such as 5m — >• 
exp [(75^^ +75^^0^) t] 5m, and similar ones for all the other fields, allow to recover 
the minimality of the Kahler potential, up to soft masses squared (and the contri- 
butions collected in and C^y- )i by shifting the couplings in the superpotential. 

'5m '5m 

It is then very easy to express the one-loop leading logarithm modifications of the 
original couplings in the superpotential, such as C^^) in terms of these anomalous 
dimensions. To simplify further our notation, we absorb also the group theoretical 
factors into the original superpotential coefficients: 

n=0 ^ 

Similarly, Ap^ and ^1^24 ^ave now the simplified form: 




n=0 VVIcutJ 

By keeping into account the evolution of the vevs of the field , it is easy to 
obtain the RGEs for the effective Yukawa and trilinear couplings: 

n) = {7L ^'L + ^'L7iOm + fE.Y\} , 
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where we have suppressed the SU(5) indices, for simphcity. The one-loop evolution 
equation for the coefficients and needed to derive them are discussed in detail 
in Sec. 110.21 The evolution equation for {Ap^)\n and that for {Ap^^)\n are formally 
like the equation for A^|„, except for one spurious term. This is ^.724^^, in the RGEs 
for {Ap^Jn, and —^724^, in that for {Ap^^)\n. Thus, the role played by Ap^^ is very 
important for the correct evolution of A^|^- The RGEs for the effective couplings 

and A^, are obtained from Y^\n and A^\n with a summation over n. 

Having proven already how the products of the SU(5)-symmetric effective cou- 
plings introduced in this section correctly decompose into products of the decom- 
posed effective couplings of Sec. El we can split the obtained RGEs for SU(5) mul- 
tiplets into RGEs for their SM components. For example, the RGEs for the four 
effective couplings Y^ are then 

yI = iI^Yd +Yd7q +fH,Y%, 

yI = jIy% +Y%jp. +1H,Y%, 
Ydu = tS^ Yp)^ + Ypiu'fuc + lH%Ypiu^ 
yIq = ll yIq + Y|q7q + IhoYIq. (D-21) 

where the decompositions 75^^ {7d=.7l}> 7iOm {Iu^Hq^Ie^^^ and 75^ 
{7_f/g'7-f/<j} are also made. Among the decomposed anomalous dimensions, -^p and 
7£)c, taken here as example, are given by 

7i = -2 1 + + -iY^Yll + Y^^Y\, 

7z3c = -2 (y 5i) 1 + 2y|,*n^ + 2YIIyWv + Y^^^Y\p, (D-22) 

and we refer the reader to Appendix IE. 41 for the remaining ones. 

Similarly, A^p among the four effective trilinear couplings evolves according to: 

'^D = + A%^Q + -fHAo) + {ll^Y% + Y%^Q + lH,Y%) , (D.23) 

with the quantities 7j are also decomposed: 75^^^ — {Id-^iIl}-! 75h ~^ {7_f/g5 7Hd}' 

and 7io„ ^ {Iu-^Iq^e-}- 

The RGEs listed above are those of a renormalizable model in which only the 
gauge interactions respect the SU(5) symmetry, whereas all other couplings break it 
at 0(5). 

It is simple to prove that also the effective soft masses squared obey RGEs 
analogous to those for soft masses squared in this broken MSSU(5) model. A key 
role in this proof is played, again, by the fact that the wave function renormalization 
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of the field is cancelled by the evolution of the vevs. In particular, the RGE 
for ffi^^ is now replaced by those for and m^c: 

+ ^J^(Xl*Q , ml, tuq , m]jc , AI*q) 

= -^(^glMi^l + 2F{Y%,ml.,ml,m]j^,A%) 

+ ^(1^Jvd,^d^,^^^*,^hc,AI/b), (D-24) 

where and were also replaced by rn?^c , "^^d s-'^d rn^c , ^ri^^ , respectively, 

and m-io^^ by m^c, rng, and m|;c. 

A complete list of all other RGEs for effective couplings and explicit definitions 
of the various 7^ and 7^ can be found in Appendix IE.4I 

Appendix E 

MSSU(5) and nrMSSU(5) models with seesaw: RGEs 

We collect in this appendix the one-loop RGEs for the MSSU(5) model and for 
the nrMSSU(5) models with seesaw sectors, for different values of the scale Q from 
-^weak to Mcut- We refer the reader to Refs. [66|1 - [69|1 . and ITOjl . lTTj) for ingredients 
useful to derive them. The number of RGEs to be listed is very large. Thus, we omit 
some of these equations, giving algorithms to obtain them from other equations, 
which we list, or from beta function coefficients and/or anomalous dimensions.'^ 
We illustrate in the following how to obtain the omitted RGEs. 

• Gauge and gaugino RGEs: 

It is well known that for a collection of gauge groups Gi with gauge couplings gi , 
and beta function coefficients ftj, the gauge couplings and the gaugino masses 
Mi satisfy the evolution equations: 

9i = bigf, 

Mi = 2hgfMi. (E-1) 

Thus, we omit these RGEs, giving only the beta function coefficient for each 
specific gauge group. 

• Trilinear soft parameters: 

We omit also the RGEs for all couplings of trilinear soft terms since they can 
be obtained from those of the corresponding Yukawa couplings as follows. We 
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assume here a Yukawa interaction SY^TV, where S and T are two generic fields 
with flavour, V a flavourless one, i.e. a Higgs field. Given the RGE for Y^: 

Yx = 7sYx + Y^^T + -fvYx, (E-2) 

with 75, 7t, and 7y the anomalous dimension of the fields S, T, V, the RGE 
for the corresponding Ax in the soft term SAxTV is 

Ax = (75^x + Ax-fT + IvAx) + {"rsYx + YxlT + IvYx) . (E-3) 

The quantities 75, 7r, and 7^ can be built from the corresponding anomalous 
dimensions 75, 7r, and 7y with the replacements: 

gf ^ -2gfM„ Y^Yx 2Y^Ax, Y*yJ ^ 2Y*AI. (E-4) 

In short: 

Ax = YxIy^^a. + Yxl^j^^. (j = S, T, V). (E-5) 
Bilinear soft parameters: 

A similar algorithm can be used to obtain the RGE of the coupling S of a 
bilinear soft term SBT from that of the coupling M of the corresponding su- 
perpotential term SMT: 

M = jgM + M7T. (E-6) 

The two fields S and T are assumed here to have flavour, but they may also be 
flavourless. The RGE for B is 

B = M\m^b + M|7,^7.- (i = S, T). (E-7) 

Thus, we omit also all the RGEs of bilinear soft couplings. 
Soft sfermion and Higgs masses: 

It is also possible to deduce the RGEs for the soft masses of sfermion and 
Higgs fields from the expressions of their anomalous dimensions, by following 

the algorithm given hereafter. 

The anomalous dimension of any field, say for example the generic field with 
flavour T introduced above, gets, in general, contributions from gauge interac- 
tions as well as Yukawa interactions (in our specific case, SYxTV): 

IT = 1G,T + ^Y,T, (E-8) 

with a similar splitting holding also for 75 and The two contributions 70 ,T 

and 7y^T are 

7G,r = Yl ^T9l 1Y,T = c-tY^Yx, (E.9) 

i 

where dp and arc group theoretical factors. For the fields S and V, the 
Yukawa-coupling induced 'yY,s and jyy are 

1Y,S = c^Y^Yj, ^yy = c^TrY^Yx = c^vT^Y^Yj. (E-IO) 
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The RGE for the soft mass of the field T, m^, as well as those for m| and my, 
can also be split in two parts: 

= + ^Y,T- (E-11) 

Notice that and m| are hermitian matrices, whereas my, like all soft masses 
of Higgs fields, is a real number. 

The terms Mqj,, Mq g, and MQy, are obtained from 7g,T; 7g,S) and 7g,V) 
with the replacements: 

The gaugino masses are assumed here to be real, otherwise the correct replace- 
ments would be Agf\Mi\'^ . 

As for the terms My^, Myg, and Myy, we start assuming that the soft mass 
terms for the fields T, S and V are of type 

f*m^f, S*mlS, V*mlV. (E-13) 

Then, Myj,, My g, and Myy, are obtained from 7y,t, 1y,s^ and "fry-, as follows. 
For the two fields with fiavour, T and S, we have: 

7y,T = 4 YlYx ^ 4 ^T, m^^, 4) = M^^, 

^Y,s = c% Y:yJ ^ c% T{j:,ml,m\\ml,Al) = M^s, (E-14) 
with the function defined as: 

J^{Ylmlml*,mf,A[) = YlVf^m] + m]Y,lYh 

+2 (Y^ml*Yh +mfY^Yh +4^h) , (E-15) 

where Y^ is any of the Yukawa couplings in the superpotential, m| is the mass 
squared for which the RGE in question is derived, m| and fhf are the masses 
squared of the particles exchanged in the loops that induce the RGE, and is 
the soft counterpart of Y^. As for the order in which m| and mf must appear 
in J^, the following rules apply. For fiavour-dependent interactions, and if m| is 
the mass squared of a field with flavour, as in this case, then, in second position 
there must be the conjugate of the mass squared of the other field with flavour, 
in third, that of the Higgs field. Moreover, it goes without saying that, here and 
in the following, when the Yukawa coupling on which T depends is Yj^, Y^^ , or 
Y/j , instead of Y^ , the sequences Y^ ■ ■ ■ Y^ in the terms on the right-hand side of 
Eq. (|E-15P must be replaced by Yj^ ■ ■ ■ Yj[ , Y^ ■ ■ ■ Y^, and Y^ - ■ -Y^, respectively. 
For the fiavourless field V , both, the anomalous dimension and the soft mass 
are real numbers, and the replacement of: 

7y,y = 4T¥yiy, = c^TtY^Y^ = c^TtYJy* = c^T^Y^Y^ (E-16) 
is any of the following terms: 

4 TTF{Ylml,ml\ml, 4) = Tr^(y;, m^^, m?^*, m|, 4) 
= Tr^(yJ, my, m|, m^*, 4) = 4 Tr J^(Y^,ml,m^, m|*, ^x) 

= M^y. (E-17) 
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In this case, the order in which the other two masses and rrtg appear in 
the function J^, as well as well whether it is the second of the third mass the 
one which is chosen to be conjugated is not important, provided the Yukawa 
coupling and the corresponding trilinear coupling are modified according to 
Eq. (|E-17p . This is because of the presence of a Trace in front of 
Notice that if the Yukawa interaction is among flavourless fields, Yh is simply a 
number, the three masses in are real numbers, and the order in which these 
three masses appear is totally irrelevant. 

It is possible that the soft mass for the field T is of type TinlT*, whereas those 
for S and V are as before: 

fmlf*, S*mlS, V*mlV. (E-18) 

Since is Hermitian, it is TfhiT* = T*rh1*T. Thus, the RGEs for m| and 
fhy are as those described before, with the replacement -H- m^* in My g and 
Myy- In the case of the RGE of ml itself, the same replacement ml ml* 
has to be made. In addition an overall conjugation of Myrp is also needed. In 
other words, the replacement of ^y,v in Eq. (|E-16p is any of the following terms: 

4 TvHYLml^ml^ml^Al) = ^ Tr^(y;, m^, m^^, m|. A*,) 
= 4 Tr^(yJ, ml, ml, m^, A^) = TTT[Y^,m\ ,m\* ,m\* , A^) 

= Mly, (E-19) 

whereas the replacements of the terms 7y,T and ^y^s are 

jY,s = c%Y:y;[ ^ c%T{Y:,mlml,m'y,A:) = Mis- (E-20) 

In summary, a Yukawa coupling Y (and the corresponding coupling A) can 
appear in the function as Y , Y* , Y\ Y^ . The fact that the mass of a field 
with flavour has a conjugate or not in T depends on the type of interaction of 
this field, i.e. in which way it contributes to its anomalous dimension, and on 
the type of soft term this field has. 

We illustrate the above sets of rules with two examples. We start with the 
SU(2) doublet Q of the MSSM, which has anomalous dimension: 

70 = -2 Qsi + \gl + ^5?) 1 + yIjYu + yIYd, (E.21) 

where gi, §2, and 5(3 are the three MSSM gauge couplings. The RGE for rnq is 

fi^ = Ml^Q+T{Y^,ml,ml.,ml^,A^^) + T{Yl,f^^^^ (E-22) 
where Mq q is given by 



MIq = -8 (^^glMl + ^gjMl + ^5?^^) 1. 



(E-23) 
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In the argument of the two functions mfjc and mj^c are not conjugated 
because we have defined the soft mass terms of the SU(2) singlets W^, D^, and 
as: 

VmlcU^*, D'^mlcD^*, E^mlcE''* , (E-24) 

i.e. differently than those for the doublets, Q and L, which are 

Q*mlQ, L*mlL. (E-25) 

With this definition, the mass parameters entering in the 6x6 sfermion mass 
matrices, conventionally written in the basis of the superpartners of left- {ul = 
U, di = D, cl = E), and right-handed fermions {ur = If^, (Ir = D'^, = 
E'^) are roq and m^c for up-squarks, mg and m|,c for down-squarks, and m\ 

and rh\c for sleptons. In contrast, the choices SA/mg^^ 5j\,/, N'^fh'j^cN'^ and 
24M?Ti|4^24jyj made in the soft SUSY-breaking potentials for the MSSU(5) 
model with a seesaw of type I and III, are purely conventional and motivated 
mainly by aesthetic reasons. That is, with the above choice for rfi^^^, the field 
-D*^ has the same type of soft mass before and after the breaking of SU(5). 
The second example we give here is that of an SU(2) singlet of the MSSM, V^, 
with anomalous dimension: 

7f/c = -2 Qgi + ^gf^ 1 + 2Y^Y;f. {E-26) 

The corresponding RGE for fhfjc, defined in Eq. (jE-24p . is given by 

muc = Mlu^ + 2T{Yu,mlc,ml,ml^,Au), (E-27) 



with obvious definition of Mq jjc ■ 

The algorithm presented here is sufficient to deduce the RGEs for the soft 
masses of all scalar fields from the expression of their anomalous dimensions. 
As in the case of the bilinear and trilinear soft parameters, also these RGEs 
could be omitted. Nevertheless, since this algorithm is a little involved, we list 
them as in Eq. (|E-22|) or Eq. (|E-27p . with a further abbreviation of our notation, 
which consists in writing J^(y'^^, m^, m|, m^, as -^(yt J^7y^t-)• 
E.1. Q < Mssw 

When Q < Msswj the typical scale of the heavy fields realizing the seesaw mech- 
anism, the superpotential is that of the MSSM plus an additional dimension-five 
operator obtained after integrating out the heavy fields needed to implement the 
seesaw of type I, II, or III: 

with 

^MSSM ^ u^YuQHu- D^YoQHd- E'YELHd + iiHuHd, (E-29) 

and Wy given in Eq. (|2-39p . The RGEs for the superpotential parameters are known, 
but we report them for completeness. 
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Beta function coefficients: bi = ■{ 



• Yukawa coupfings: 
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Yd= iIcYd + Yo-iQ + -ihoYd, 

..T 



Ye= YecYe + Yejl + 1h,Ye, (E-30) 
where the anomalous dimension matrices 7q, 7;7c, etc. are 

7Q = -2 (^gl + + ^5?) 1 + Y^Yu + Y^Yd, 

7t/c= -2 + ^5?) 1 + 2yf^yJ, 

71?== -2 Q^i + ^5?) 1 + 2Y^YS, 

7E==-2 (^^gfy + 2Y^Yi, 

1H= -2 + ^5?) + TV (sFj^Ft;) , 

iH,= -2 + ^5?) + TV (3y^y^ + yly^) . (£-31) 

• Superpotential dimensionful parameters: 

A= (7H„ +7//d)Ai, 

K= 7|;k + K-iL + 27^/„K. (E-32) 
The SUSY-breaking terms completing the description of this model are collected in: 

yMSSM,!. ^ yMSSM ^ 

where y^^ssM jg ^j^g usual 

^MSSM ^ I jjcj^^ Qjj^ _ ^c^^ Qjj^ _ ^c^^ Ijj^ ^ Q jj^jj^ ^ jj^ I 

+Q* mlQ + U" mfjc U"* + &m]jc 5" 

+L* mlZ + E" m\c E"* 

+^ gg + M2 WW + Mi BB^ , (E-34) 
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and Vu is the nonrenormalizable lepton-number violating operator (AL = 2) 

= -^LH^kLHu. (E-35) 

The symmetric matrix k has elements of 0{m/Mssw), where m is a typical soft 
SUSY-breaking mass. We list in the following the RGEs for the parameters in this 
potential, except for those for the bi- and tri-linear scalar terms which are easily 
obtained by the algorithm mentioned above. We omit that for the dimensionless 
parameter k, which gives rise to a very suppressed bilinear term for the neutral 
component of L. 

• Soft sfermion masses: 

~2 2 



^2 



~2 9 

= Mg,L + ^iYlL,E^,H,,Ayy 

mE^= Ml^E^ + 2F^y^^^^i^^^^^^y (E-36) 
Soft Higgs masses: 



,2 



E.2. Mssw < Q < Mgut 

We distinguish the three cases in which the dimension-five operator in Eq. (|E-28p 
is induced by heavy right-handed neutrino singlets, A^'^, or by Higgs fields in the 
15 and 15 representation of SU(5), Ibu and 15^, or by three matter fields in the 
adjoint representation of SU(5), 24^/. Those presented here are not the most minimal 
implementations of the three types of seesaw mechanism, which strictly speaking, 
require only two SU(2) triplet Higgs fields T and T for the type II seesaw and three 
SU(2) fermion triplets Wm for the type III, if no embedding in SU(5) is needed. 
(See Sec. 2, where the relevant seesaw superpotentials are denoted by VF4swi' with 
i =1, II, III to differentiate them from those presented here.) Here, we introduce all 
fields in the 15^, 15// and in the 24m representation of SU(5) to which T, T and 
Wm belong, respectively, and we denote the corresponding seesaw superpotentials 
by M^ssswi {i =I> H> HI)- Thus, the complete superpotentials in the three cases are: 

^MSSM,i ^ ^MSSM ^ ^^^^ . (. ^ jj^ jjj)^ (E.3g) 

with l^MSSM g-^gj^ -j^ ()F29j) and T^sswi [i = 1,11, HI) to be specified in the 
following. Similarly, the soft SUSY-breaking part of the scalar potential is, in the 
three cases, 

^MSSM.^^^MSSM^^^^^. (i = I, II, III), (E.39) 

with y^^SSM 

given in Eq. (jE-34p . and V^swi also to be specified. 
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E.2.1. MSSM,I 

The RGEs for this model have been widely studied in this context after Ref. I18|) 
appeared. (See for example Ref. [19]).) Nevertheless, we list them here for complete- 
ness. The model is described by the superpotential 1^^^SSM,I -^j^]^ 

T^sswi = N'YliLHu + ]^N'MnN'. (E-40) 

The RGEs for the superpotential parameters are as follows. 

f 33 

• Beta function coefficients: f*! = s — , 1, — 



5 

Yukawa couplings: To those in Eq. (|E-30p . the following RGE 

Yh = ll'^yh + YhlL + iH^Yj,, (E-41) 

must be added. Notice, however, that ^^^d 7l are now modified by the 
presence of the operator N'^Y^LHu- Therefore, the following anomalous di- 
mensions 

7L = -2 (l^i + 1^5?) 1 + Y^Ye + Y'^Yk, 
1H^= -2 + 1^5?) + Tr (?,Y^Yu + yI^Y}, ^ , 

7iv^= 2Yl;Yj,^, (E-42) 

must be specified, whereas 7q, 7f/c, 7£)c, ^e", Ih^ remain as in Eq. (|E-3ip . 

• Superpotential dimensionful parameters: 

Mn = -fJicMN + MnIn-- (E-43) 

The RGE for ^ is as in Eq. ([E^ . with 7//„ given in Eq. ([E42]l . 
The soft SUSY-breaking part of the scalar potential, Kjswi, is given by 

i^swi = ^N'A\LHu + ]^N'BnN' + H.c.j +iV^m^iV^*, (E-44) 

and the parameters in y^ssM,! Q]-)gy ^j^g following RGEs. 

• Soft sfermion masses: Of the RGEs in Eq. ()E-36p . only that for rh\ gets modi- 
fied by the presence of the operator N'^Y^LHu, whereas the RGE for the soft 
contribution to the mass of A^'^ needs to be added: 



^ 2 



Soft Higgs masses: 

^2 



The RGE for m]j is as in Eq. ()F37l) . 



MSSU(5) with NROs 



91 



E.2.2. MSSM,II 

The RGEs for this model can also be found in Ref. I24p . Some of om' equations, 
however, differ from those reported there. We give a list of these equations at the 
end of this section. The part of the superpotential needed to specify this model at 
these energies is 

VFsswii = ^LYj^TL - D''Yq,,LQi^ + ^D'^YsSD'^ 
+-^XfHuTHu + --j=\THdTHd 

+MTTf +Mq^^Qi5Qi5 + MsSS, (E-47) 

where Y^ and I5 are symmetric matrices, Aj. and At, as well as Mt, Mq, and Ms, 
complex numbers. The RGEs for the superpotential parameters are as follows. 

f 68 

• Beta function coefficients: b]^ = < —,8,4 



5 ' ' 



Yukawa couplings: The RGEs for Yu, Yd, and Ye are as in Eq. ()E-30p . Those 
for Y^, Ys, and Yq^^, and the flavour- independent couplings A^ and At are 

T 

% = 7d<=Ys + ls7D= + IsYs, 
Xf = {2'yHu +7f) -^f ' 

At = + 7t) At. (E-48) 

For the anomalous dimensions jq, ^u"-, IE'^, see Eq. ()E-3ip . the others are 

7D^ = -2 Qgi + 1 + 2Y*^yE + 2Y^^J^^^ + AYIYj, 

IL = -2 + ^5?) 1 + yIYe + SY^Yq,,, + W^'^Y},\ 

7H„ = -2 (jgl + ^5?) + Tr (sY^Yu) + 3\Xff, 

7H, = -2 (^si + ^5?) + Tr (sY^Yn + Y^Ye) + 3\Xt\^ 

7Q:5= -2 + + ^gl) + Tr (r^, yQ,,) , 

2 3 2 1 2 
7Qi5=-2 (^3^?3 + + 

7T = -2 (25! + ^5?) + Tr {Y'^^Yk') + \Xr\', 
7f = -2 f 2^1 + ^gf] + \Xf\^, 
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is 



75 = -2 (f 9i + ^Sf) . (E-49) 

• Superpotential dimensionful parameters: 

Mt = (tt + 7f ) Mt, 

Ms = (75 + 7s) Ms. (E-50) 

The RGE for fi is as in Eq. (lE^ . 
The part of^the scalar potential specific to this model, V^swii, to be specified in 
addition to y^ssM ^g. 

+Bt Tf + Bq,^ Qi^Qi^ + BsSS + H.c. } 

+"iQi5 <3i5Qi5 + QisOis + frig S*S + m| S*S 

+m'^T*T + m'^T*T. (E-51) 

Here, and As are symmetric matrices, Ax^, ^Atj ^^^d i^Tj -Bq^^, Bs, complex 
numbers. The parameters in yl^SSM.ll g^tisfy the following RGEs. 

• Soft sfermion masses: 

~2 2 

mDc= Mgdc + '^^(Yo,D-,Q,Ha,AD) + "^^(Xq^^^D-X.Qi^Aq^^) 

+2-^(Y^'M,Z*,T,A5^t). (E-52) 

The RGEs for m^, m^c, m|;c are as in Eq. (|E-36p . 

• Soft Higgs masses: 



^2 

m 



+ ^J'{XT,Ha,Ha,T,A^^), 

~2 2 

= Mg,Hu + 3TtT^yf^^^fj,^^^^y^ + 3J='(^Xf,Hu,Hu,f,Axj.)^ 
~2 2 



m%,= M. 



2 



15 G,Q 



15 ' 
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~2 2 
~2 2 
~2 2 

mg = Ml-g. (E-53) 

Notice that in the contributions originated by flavour-independent operators 
the order in which the three masses squared appear in the function T is irrel- 
evant. Both terms J^(Xj.,Ha,Hd,T,A^^) and J^(Xj.,T,Ha,Ha,AxT.)^ indeed, reduce to 

Our RGEs for this model differ from those reported in Ref. I24p for the following 
parameters: My, m^, m|, m-g^^, A^^, and ^Qig- 

E.2.3. MSSM,III 

The superpotential is still that of Eq. ()E-38p with i = III and T^sswiii is 

.Illr . /^itr D 



+^BmMb,,Bm + \GmMg^,Gm + ^H^MMw^^TyM 



+XAfMxMXAf, (E-54) 

where Mbj^,j, and Mvi/^f are symmetric matrices. The RGEs for the superpo- 

tential parameters are as follows. 

• Beta function coefficients: = | — 16, 12 I . 

I 5 J 

• Yukawa couplings: Yj/, Yd, and Ye have RGEs listed in Eq. (|E-30p . Those for 
y"l, yl", and Y. are 



= IWm^N +Yn 1L + iH^Yj^ , 



For the anomalous dimensions 7(3, 7[/c, 7£;c, see Eq. (|E-3ip . The remaining 
ones are 



7i,. = -2 + Y^5f j 1 + 2^5^^ + 2y^^ 

IL = -2 + A,?) 1 + yty^ + ^y^"t^in + ^ynitym, 
^w. = -2{2gl)l + YrY]}'^, 

7B..= ^yA"*yi"^, 
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2 3 2 5 2\ 

7Gm=-2 (3^3)1, 

7i^„ = -2 + 1^?) + TV {^wiYu + 
Superpotential dimensionful parameters: 



vm 

The term V^swiii specific of this model is 



MGm = IGm^Gm + MgmIGm: 



^swiii = ^HyWu-^N^ ~ \J^-^HuBmA^^^L + HuXmAxj^D^ 



+XmBxm^m + H.c.j 



+Wm m^^^ W*M + Bm 8*^ + Gm ml^ G*^ 

+Xm + ^M- (E-58) 

The RGEs for the parameters in the complete soft scalar potential yMSSM,iii ^ 
follows. 

• Soft sfermion masses: 

-2 2 3 



~ 2 

"'W„= "G,»-„ +-'^;K»i,B;„,L,if.,jni)' 



5-^ (Y™,Bm,L,Hu,AW)' 



,2 



^2 




^2 




■ 2 -2 


^2 


TTlQ, mua, 


mgc, see 
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(E-59) 



• Soft Higgs masses: 
3 

The RGE for rh\^ is as in Eq. (jESH). 
E.3. Mgut < Q 

We give here the RGEs for the minimal SUSY SU(5) model without NROs, 
with the three possible implementation of the seesaw mechanism. The mechanism's 
mediators are schematically denoted as RHNs, 15h, and 24m in three cases. The 
superpotentials and the soft SUSY-breaking scalar potentials for the three resulting 
models can be decomposed as: 

^MSSU{5),i ^ ^MSSU(5) _^ 

^MSSU(5),i ^ yMSSU{5) ^ y. (• ^ j^jjN, 15H, 24M), (E-61) 
where W^^SSU(5) yMSSU(5) 

are given in Sec. [2] (see Eqs. ()2Tp . ()2-2p . ()2-3p . and 
Eqs. ([2461) . ([2471) . respectively), Wi and in Sec. EJ (see Eqs. (|2^ and (|2^ ). 
E.3.1. MSSU(5),RHN 



The RGEs for this model can be found also in Ref. [T9j). The differences between 
our equations and those given in that paper are listed below. We refer the reader 
to Sees. [2] and 12.31 for the superpotential and soft SUSY-breaking potential of this 
model. 

• Beta function coefficient: 65 = —3. 

• Yukawa couplings: 

>^A = 7M + >^i^75M+75H^A, 
A5 = (75 J/ + 724h + 75^)^5, 

A24 = 3724^-^24, (E-62) 
with anomalous dimensions: 

710,,= -2 1 + 3yi°tyio + 2y5ty5^ 
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75. = -2(f.i)+Tv(4y^ty5)+||,,|2, 

724.= -2 (55i) + I Asp + §|A24p. (E-63) 

The coefficient 21/20 in 724^ can be calculated by using the properties of the 
third order Casimir for adjoint representations reported, for example in Ref. lTip . 
Superpotential dimensionful parameters: 

MN=7%cMN + MN-fN-, 
^5=(75h+75h)^5, 

M24= 2724.M24. (E-64) 

Soft sfermion masses: 



^2 



"^IOa/- ^G,10m + '^•^(yiot,l0M,10t,,5w,Aiot) + 2-^fy5t 



(yiot,lOM,10M,5.,Aiot) T^-' (y5t,iOM,5Af,5H,^5t)' 



,2 



"^5Af - ^G,5m +^-^(y5,5M,T0M,5fl,A5) +-^(y^^,5M,^",5.,Aif)' 

= ^-^(yA,^ss;„5.,Ai,)- (E-65) 



• Soft Higgs masses: 



"^5. - ^G,5h + 3'^'^-^(yiot,5.,lo;,^,10M,Aiot) 

24 

+ '^•^(y^^5.,7V^I;„Ay) + y-^(A5,5.,24.,5H,A,3), 



~2 _ 2 24 

= ^G,5h +^'^^-^(y5t,5^,I^,,T0M,A5t) + -^^{X5,5h,5hMh,Ax,)^ 
~2 2 21 

"^24h= ^G,24^j + ^{X5,24h,5„,5h,Ax,) + ^-^(A24,24h,24h,24h,A;,2 J • (E-66) 

Our RGEs for this model differ from those in Ref. [T9]) for 75^ and 75^ . Moreover, 
the parameters A5 and A24, as well as Ax^ and ^a24) systematically taken as 
vanishing in the RGEs listed in that paper. 

E.3.2. MSSU(5),15H 

Also in this case, expressions for the superpotential and the soft SUSY-breaking 
potential can be found in Sees. [2] and [231 

• Beta function coefficient: = 4. 

• Yukawa couplings: The RGEs for Y^^, Y^, A5, and A24 can be read from 
Eq. ()E-62p . those for Y^, A15, Xu, Xd are 
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Al5= {115h + 724h + 715^) Al5, 

>^U= (275ij +715^) V, 

Ad= (275^+7i5«)Ad. (E-67) 
Among the anomalous dimensions, only 710^^ is as in Eq. (|E-63p . The others 



are 



75,, = -2 (f 5i) 1 + ^Y'*Y'^ + 6yA^*yA^^, 

75. = -2 (f 5i) + Tr (syiotyio) + ||^^|2 + g|^^|2^ 
75. = -2 (f + Tr (4y^ty5) + + 6|Az.|^ 

724.= -2 (S^i) + lAsl' + §|A24|' + 7|Al5|^ 
715.= -2 (f ,i) + TV (y^^tyn) + + ||^^^|2^ 

7r5.= -2(f<7i)+|Ac;p + f|Ai5p. (E.68) 

• Superpotential dimensionful parameters: 

Mi5=(7i5. +7i-5.)Mi5. (E-69) 

The RGEs for M5 and M24 are as in Eq. (|F64l) . 

• Soft sfermion masses: The RGE for ^lo^j is still as in Eq. ()E-65p . that for ^5^^ 
is 

G,5m (y5,5M,10M,5.,A5) (YjII,5a/,5a/,15.,AII) ^ ^ 

• Soft Higgs masses: 

~2 2 

"^5. = ^G,5. + 3Tr-F(yiot^5^3;^^ioM,Aiot) 
24 

+ y-^(A5,5.,24.,5.,AA5) +6-^(Ay,5.,r5.,5.,AAj,)' 

mE, =M^E +4TrJ^,,^^H.- ^ ~ + , 
24 

+ y-^(A5,5.,5.,24.,A;,5) +6-^(Ao,5.,15.,5.,Aao)' 

~2 2 

"i24.= ^G,24. + -^(A5,24.,5.,5.,Aa5) 

+ ^-^{A24,24.,24.,24.,A;,2J + 7J^(Ai5 ,24.,15.,15.,A;^jg ) , 



,2 



56 

+ -^(Ai3,15.,5h,5h,Aao) + Y-^(Ai5,15.,24.,r5.,A;,^5); 
"il5.= ^G.IS. + ^{Xu^5h,5h,5h,Ax^) + y-^{Ai5,r5.,15.,24.,A;,jg) ■ (E-71) 
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E.3.3. MSSU(5),24M 

The definitions of the superpotential and soft SUSY-breaking scalar potential 
can be found in Sees. [2] and 12.31 

• Beta function coefficient: 65^^ = 12. 

• Yukawa couplings: 

The RGEs for Is, Yiq, A5 and A24 are formally as in Eq. ()E-62p . The anomalous 
dimensions are now: 

75„ = -2 (fgl) 1 + ^Y^*Y^^ + fy^" 

24m ; ' 



724m= -2 (5,1) 1 + *yr " + {y,VA) + i 

75. = -2 ,i) + Tr (3y^°tyio + |yi"tyni^ ^ 
724.= -2 (5,1) + lA^I^ + ||A.4|^ + Tv(|<t +^y2i:<,) 



24Af 24m I ' 

(E-73) 

and 7iom 75^ are listed in Eq. ()E-63p . 

• Superpotential dimensionful parameters: 

^24m = 7liM ^24m + ^24m 724m • (E- 74) 

The RGEs for M5 and M24 can be found in Eq. ()F64ll . 

• Soft sfermion masses: 

-2 2 24 

"^5m = ^G,5m + ^-^(y5|M,T0M,5H,A5) + y-^(y^"'J'|M,24M,5.,<i^)' 

^2 n 21 



-^G,24m ^ -^(yni,24M,5M.5i/,Aiii) ^ IQ (5"24M'24M,24M,24^f,Af4^p 

5^ 

The RGE for mfg^^ is as in Eq. ()F65]) . 
Soft Higgs masses: 



^ 2-^(^21m'24m-24m-24«,A^ )• (^-75) 



24 

y-^(A5,5H,24^f,5H,AA5)' 



~2 _ 2 21 

"^24h= ^G,24. + -^(A5,24.,5h,5.,A,3) + l^^^^(Yll,2i„X^MX^MAU^) 

5 

+ i'^'^C^ali ,24h,24m,24m,A^,;P 

+ ^-^(A24,24^f,24H,24H,A;^2j- (E-76) 
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The RGE for m?^ is as in Eq. (IFM . 

E.4. -Mgut < Q - nonvanishing NROs 

As explained in the text, we express the superpotential and scalar potential 
in terms of effective operators, with effective parameters indicated in boldface. A 
decomposition similar to that of Eq. ()E-6ip still holds: 

~ MSSU(5),. ^ ~MSSU(5) ^ ^. ^ ^ ^^^^ 

The various seesaw potentials Wi and Vi, (i = RHN, 15H, 24M) will be given ex- 
plicitly in the following subsections. The two potentials VF^^^^^^^ and V , 
now decomposed as: 

TT^MSSU(5) _ ix^MSSU{5) ...MSSU(5) 
~MSSU(5) ^ ~MSSU(5) ^ ~mSSU(5) ^ ^MSSU(5)^ (£-78) 

include NROs only in the matter parts, which are now 

+U'Y}fQHu +U'Y}j%E'^hS +^QYI%QHS, (E-79) 

and 

~MSSU(5)^|_~,^5^ Qij, _ ^e(A| fLH, - D'A%uU'H^ -LAIqQH% 
+U'^A}fQH^ + U'^A}j%E'^H^ +]^Q A^^qQH^ + H.c.} 

+L*mlL + E''Tn%cE''*. (E-80) 

No boldface type is used for lg^ug^^''^\ which is still that of Eq. (j2-17p . Normal 
character types are also used for the Higgs potentials, py^^^^(^) and ^^^^^(5)^ 
cause we neglect NROs in the Higgs sector. These potentials are then those in 
Eqs. ()2-3p and (j2-17p . Similarly, also the purely Higgs parts of Wi^h and Vi^h 
remain unchanged. The corresponding RGEs are also those reported in the case 
of vanishing NROs, with undecomposed anomalous dimensions, soft mass squared, 
trilinear and bilinear couplings. Nevertheless, we need, at least formally, to decom- 
pose these last quantities when they enter in RGEs of effective flavoured fields. In 
this case, we use distinct symbols, for example jf^^ and 'fjjc for the same 75^, as 

well as TTifj^ and rrij^c for mi^^ , but we make the identifications 'y^j^ = IhQ — 15h 
and ^"hu ~ ''^'hc = "^5^ • As said, these are only formal decompositions, and we 
approximate the Yukawa couplings of the renormalizable operators, Y^^, Y^, Yl 
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which enter in their definitions or in the expressions of their RGEs, with the effec- 
tive coupHngs Yjj, Y^j-,, and Y^j^ (i = I,II,III), respectively. 

We also neglect NROs for terms that involve only heavy fields, even when these 
have flavour, such as the flelds 24m- In the expressions for the anomalous dimensions 
of these flelds, we use a "hybrid" form, with contributions from the undecomposed 
couplings of interactions for which we have omitted NROs (Higgs couplings), and 
from the decomposed effective couplings of interactions for which NROs are nonvan- 
ishing. (See for example Eq. ()E-95p .) A similar treatment in this section is reserved 
to the RGEs for the soft masses of such superheavy flavour flelds. We keep undecom- 
posed the contributions from the interactions that do not involve MSSM fields, but 
we do decompose the contributions from the fiavour interactions to which the MSSM 
fields take part. (See for example Eq. (|E-98p .) This is to allow SU(5)-violating field 
rotations needed to embed the light fields in the SU(5) multiplets. 

E.4.1. nrMSSU(5),RHN 

The form of the superpotential Wrhn is now 

Wkhn = N'^Y^LHu - N'^Y^j^D'^H^ + iiV^M^vA^^ (E-81) 

The RGEs for the superpotential parameters in this class of models are as follows. 
• Effective Yukawa couplings: 

- IV^- ^ U +^ U1Q+ iHn ^ U ' 
^QQ = Yq^q + Yq^q^q + ■Jng^QQ^ 

YuE= lU'^ ^UE + + -fng^UE^ 

Yl=jlY% + Y%-rE. + -fH^Y%, 
Y DU= 7d= Y%jj + Y^jj'-fjjc + 'y^cY%u, 
yIq= ll YIq + YlQ-fQ + IucYIq, (E-82) 

and 

y\ =^T^Y], + Y],-fL + lHYN, 

Ynd= i'n'^ Yj^j^ + yIij^Jj^c + jj^cYj^^. (E-83) 

Given the approximation made here, the RGEs for A5 and A24, not decom- 
posed, are as in Eq. (jE-62p . For the same reason, 724^:^1 75^ and 75^ are those 
of Eq. (jESlD, with Y^, Y^'^, and approximated by Y%, Y}^, and Y]^, re- 
spectively. The anomalous dimensions 'fjj^ and 'yng taken to be equal to 
75^; ffj^ and 'y^H- "^^^ remaining anomalous dimensions needed for 

the evaluation of the above RGEs are 



7Q = -2 ( -gi ) 1 + ' Y^u^ + 21^^- Y^^Q + Y^ Y}, + Y^^^YIq, 
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1U^= -2 ( yffi) 1 + 2YrY}f^ + YlP£YlPI + 2^^^^^^^/, 
7^.= -2 ( f 5i) 1 + 3r^°ir^°^ + 2Yl^Y%, 



7L = -2 (fgi ) 1 + n*n^ + sy^qyi^ + r^v;,, 



7D^= -2 ( y gi ) 1 + 2YI;Y%^ + 2YllYll + Y'^^Y^, 

77vc= 2n*n' +3^^^^?- (E-84) 

• Superpotential dimensionful parameters: See Eq. ()E-64p . We are implicitly 
assuming that NROs involving only 24/^ fields have small coefficients and/or 
that A24 is not too small. 
The term Vrhn specific of this model is 



(E-85) 



, „ r , ~MSSU{5),RHN 

The RGEs for the parameters appearing in V are as follows. 

• Soft sfermion masses: 



,2 



TTlri = Mr< 1 n . , + J'l 10 1 10 1 \ + 2J-, iot~~* „ lou 



u tT,iUM (Yu^U'',Q,H^,,Au ) KYuE^U'^^E'' ,H^,AuE> 



,2 



+ J~ , I t I t M 

m^c= + 2J^(^Y%,D^,Q,Ha,A%) + 2-^(yBt/-5^.t7^*.//g.ABt/) 

^2 

m^c= 2-F(^i^^j^^£^jj^^^i^) +3J-(^i^^^j^^g^.^g^^i^^), (E-86) 

with Mq -j^q^^ and as in the case of vanishing NROs. 

Soft Higgs masses: Since no decomposition is needed for 5h, 5h, and 2Ah, 
the RGEs for Tn\^, ^Ih' ^^"^ ^\ah -^1- (|E-66p . with the already 

mentioned approximation taken for , Y^^ , and Y^y. 
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E.4.2. nrMSSU(5),15H 

The superpotential term VFish has now the form 

Wi5n = ^LY^hTL -D'yI^LQ^^ +^D'^YIoSD' 

+^\d Bh^^h^h +-^Ac/5Hl5i/5H +Ai515h2%15h 

+Mi5l5Hl5/f, (E-87) 

where, only the first term in Wish of Eq. ()2-46p was decomposed, with Y^ split 
in the three couplings Y^^, 1^^^, and Y^^^, The RGEs for the parameters in the 
superpotential are as follows. 

• Effective Yukawa couplings: 

^DL = i'd'^ ^dl + ^Sl7l + 7Qi5^Sl! 

^DD= ^DD + ^Sz)7z)c + 75 ^DD- (E-88) 

The RGEs for A15, Xd and Xu can be found in Eq. (|E-67|1 . the remaining ones in 
Eqs. (|E-82p . The anomalous dimensions 7q, fijc, and 'y^c are as in Eq. (|E-84p . 
'J I and 7£)c are 

7. = -2 1 + Y%*yW +3Yl^Yl^ +3rl^t^ii +3F^t 

+2Y'^lY'^l. (E-89) 

As mentioned above, 7^., 7Q^g, and 7^ are identified, 7^ = 7qi5 = 75 = 7i5h' 
and the expression for 715^, 7f5^) 75^1 75^' '^'Hh -^"l' dEHH]). 

• Superpotential dimensionful parameters: For M15, see Eq. (IE-69P : for M5 and 
M24, Eq. dEMl). 

The term V15H specific of this model is 

Vi5H = { ^LA^nTL - D'AIlLQi^ + -^D-Al^SD' 

+--^Aao hu'^^H^H + "^^^c/ ^h'^^h^h + -4ai5 15//24i^ 15h 
+5i5l5Hl5/f + H.c.} 

+ml^H lb*HlbH + f5:^15//. (E-90) 
The RGEs for the parameters appearing in V ^ ^' are as follows. 
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Soft sfermion masses: 



,2 



-^2 



(E-91) 

with g as in the case of vanishing NROs. The RGEs for ttiq, m^c, and 

m^c are as in Eq. ()E-86p . 

• Soft Higgs masses: See RGEs in Sec. [EX2l with Y%, and Y^^ used for 
Y^, and Y^, respectively. 

E.4.3. nrMSSU(5),24M 

The missing ingredient needed to specify the superpotential of this class of mod- 
els is 

W24M = Hy ^V2GmYWd + Y^3'^*^-^^^)'^'^ ~'~ ^u^mY^xl^ 
+Hu{V2WmY'^' - y|i5Mrgi)L + H^XmY^D'' 
+UamM2a,,2Am + \ (24Afi11^,24M),24H, (E-92) 

x=S,A 

where only the first term in W24M of Eq. (j'2-46p was decomposed, with Y^^ split in 
the six couplings Y^^, Y^bli ^^d' ^^"^ ^GD' ^SDi ^XL- The index x, as usual, 
labels the symmetric and antisymmetric products of the two 24j\,f • 

• Effective Yukawa couplings: Also in this case, the RGEs in Eq. ()E-82p hold. The 
RGEs for A5, A24 are in Eq. dEM]); those for the couphngs Y^^^ in Eq. (|E72]). 
We have in addition: 



Ybl = Ibm ^bl + YblIl + 
Ybd= i'bm ^^bd + ^bd7d= + IhP, ^bz?) 



„T vIII 

Ygd = i'gm -^gd + ^gd7d'= + T/fC- I^gD' 
^Sd= 7^^, + ^^d7d- + 7//„ 

i^XL= 7L ^XL + 1^5i7L + IHC Yf,. (E.93) 

The anomalous dimensions 7q, 7f/c and 7^c are as in Eq. ()E-84p . 'y^, 'yj^c are 
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10 



^ BL ' BL + XL ^ XL^ 



ID^ = -2(f 5i) 1 +2Yl*Y%^ +2YlyY%l +\Y'^^Yfj, 

^Y'^^Y^i^ + 2Y'rDYf^^ (E-94) 

with "ju^ , 7j:^c , "fH^ , and 7j:^c are approximated as mentioned earlier. The 
anomalous dimensions for the fields that are components of 24m can be written 
in the "hybrid" form: 



IGm - -2 (551)1 + T7:^24m^24m + 9^24i^24M + ^GD^Gzf 



-.2^1 _L ^V-'S't _j_^vA\ ^ ^III*^IIIT 

10^ 

^Wm - ~^ 1^55 j 1 + -j^Q ^24m ^24m + 2 ^24m + -"^ ^ N > 

^ - _2 (''^n2\. , ^ySf y5 i^A^^tyA , ^ ^III * y^III T 



2, 



'III*A^IIIT 



+ g BD ^ BD : 



7x.. = -2 (55i) 1 + ^<,^2L + V,1iy,t + Yf*Yf-. (E.95) 



• Superpotential dimensionful parameters: See Eq. ()E-74p for M24^^, Eq. ()E-64p 
for M5 and M24. 
The term V24M specific of this model is 



+Hu[V2WmA'^' - ^^BMAfr)L + HuXMAf^D' 
+^2AMB2i,,24M + IY. (24Af^f4M24M), 24^ + H.c. 

x=S,A 

+Wm rnwM + ^A/ rn|,, ^1/ 

+Gm ml^^ G*M + Xm m^,, XI, + 1m m|^^ 11,. (E-96) 

The RGEs for the parameters appearing in V ^ ^' are as follows. 
• Soft sfermion masses: 

~2 2 

"^L= ^G,5m + ^(Y%M,E-,H^,A%*)+^^{yIq,L,q\h%'AI*q) 

3 _3_ 

+ 2 + WiY'^L^L,BM^H^^A'^^) 
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{YxL'L,XM'Hg'AxL ) 

8^ 2 _ 

3 KYgD 'D^^Gm 'H^'AgD ) 15 KY BD ^D^^Bm 'H\j'ABD > 

+2J"/ iiiT— ^. iiiTN. (E-97) 

The RGEs for ttiq, mfjc, and m^c are as in Eq. ()E-86p . As for the scalar 
components of the 24^, their soft-mass RGEs can be given in the "hybrid" 
form: 

~2 ~ com 2 

'Tlr'.,= (W.9A.r) + r=-:* „ ^III \, 



-^2 



where the common term is given by 

21 



5 

2 -^(y^^ , 24^,241;, 24?,, A^^p- (E-^^) 



The quantities and Mq 24^, ^-re as in the case with vanishing NROs. 

Soft Higgs masses: The RGEs are as those given in Appendix [EXl with Y^, 
and Fj^" replaced by Y%, Y^f and F™, respectively. 

References 

1) M. Artuso et al., Eur. Phys. J. C 57 (2008) 309. 

2) J. R. Ellis and D. V. Nanopoulos, Phys. Lett. B 110 (1982) 44. 
R. Barbieri and R. Gatto, Phys. Lett. B 110 (1982) 211. 

3) J. F. Donoghue, H. P. Nilles and D. Wyler, Phys. Lett. B 128 (1983) 55. 

4) A. Bouquet, J. Kaplan and C. A. Savoy, Phys. Lett. B 148 (1984) 69. 

5) M. Dugan, B. Grinstein and L. J. Hall, Nucl. Phys. B 255 (1985) 413. 

6) S. Bertolini, F. Borzumati, A. Masiero and G. Ridolfi, Nucl. Phys. B 353 (1991) 591. 

7) L. J. Hall and L. Randall, Phys. Rev. Lett. 65 (1990) 2939. 

G. D'Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, Nucl. Phys. B 645 (2002) 155. 

8) N. Oshimo, Nucl. Phys. B 404 (1993) 20. 
F. Borzumati, Z. Phys. C 63 (1994) 291. 

F. Borzumati, M. Olechowski and S. Pokorski, Phys. Lett. B 349 (1995) 311. 
R. Rattazzi an d U. Sarid, Nucl. Phys. B 501 (1997) 297. 



F. Borzumati, arXiv:hep-ph/9702307 



106 



F. Borzumati and T. Yamashita 



9) P. Minkowski, Phys. Lett. B 67 (1977) 421. 

T. Yanagida, in Proceedings of the Workshop on the Unified Theory and Baryon Number 
in the Universe, eds. O. Sawada and A. Sugamoto (KEK report 79-18, 1979), p. 95; 
M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravity, eds. P. van Nieuwenhuizen 
and D.Z. Freedman (North Holland, Amsterdam, 1979), p. 315. 

10) W. Konetschny and W. Kummer, Phys. Lett. B 70 (1977) 433. 

R. Barbieri, D. V. Nanopoulos, G. Morchio and F. Strocchi, Phys. Lett. B 90 (1980) 91. 

R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912. 

M. Magg and C. Wetterich, Phys. Lett. B 94 (1980) 61. 

J. Schechter and J. W. F. Valle, Phys. Rev. D 22 (1980) 2227. 

T. P. Cheng and L. F. Li, Phys. Rev. D 22 (1980) 2860. 

G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181 (1981) 287. 

R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23 (1981) 165. 

11) R. Foot, H. Lew, X. G. He and G. C. Joshi, Z. Phys. C 44 (1989) 441. 

E. Ma, Phys. Rev. Lett. 81 (1998) 1171. 

12) For a thorough review of the three types of seesaw mechanism, see: A. Strumia and 

F. Vissani, arXiv:hep-ph/0606054 . 

13) F. Borzumati and A. Masiero, Phys. Rev. Lett. 57 (1986) 961. 

14) M. Dine, Y. Nir and Y. Shirman, Phys. Rev. D 55 (1997) 1501. 

G. R. Dvah and M. A. Shifman, Phys. Lett. B 399 (1997) 60. 

15) R. Barbieri, S. Ferrara and C. A. Savoy, Phys. Lett. B 119 (1982) 343. 

16) L. J. HaU, J. D. Lykken and S. Weinberg, Phys. Rev. D 27 (1983) 2359. 

17) S. Baek, T. Goto, Y. Okada and K. i. Okumura, Phys. Rev. D 63 (2001) 051701. 

18) T. Moroi, JHEP 0003 (2000) 019. and Phys. Lett. B 493 (2000) 366. 

19) S. Baek, T. Goto, Y. Okada and K. i. Okumura, Phys. Rev. D 64 (2001) 095001. 

20) N. Akama, Y. Kiyo, S. Komine and T. Moroi, Phys. Rev. D 64 (2001) 095012. 

R. Harnik, D. T. Larson, H. Murayama and A. Pierce, Phys. Rev. D 69 (2004) 094024. 

J. Hisano and Y. Shimizu, Phys. Lett. B 565 (2003) 183. 

Phys. Lett. B 565 (2003) 183. and Phys. Lett. B 581 (2004) 224. 

M. Ciuchini, A. Masiero, L. Silvestrini, S. K. Vempati and O. Vives, Phys. Rev. Lett. 92 
(2004) 071801. 

D. T. Larson, H. Murayama and G. Perez, JHEP 0507 (2005) 057. 

21) K. Cheung, S. K. Kang, C. S. Kim and J. Lee, Phys. Lett. B 652 (2007) 319. 

M. Ciuchini, A. Masiero, P. Paradisi, L. Silvestrini, S. K. Vempati and O. Vives, Nucl. 
Phys. B 783 (2007) 112. 

L. Calibbi, Y. Mambrini and S. K. Vempati, JHEP 0709 (2007) 081. 
J. K. Parry and H. h. Zhang, Nucl. Phys. B 802 (2008) 63. 

T. Goto, Y. Okada, T. Shindou and M. Tanaka, Phys. Rev. D 77 (2008) 095010. 

B. Dutta and Y. Mimura, Phys. Rev. D 78 (2008) 071702. and Phys. Lett. B 677 (2009) 

164. 

22) J. h. Park, [arXiv:0710.4"529l [hep-ph]] and [arXiv:0809.3"004l [hep-ph]]. 
J. h. Park and M. Yamaguchi, Phys. Lett. B 670 (2009) 356. 

P. Ko and J. h. Park, Phys. Rev. D 80 (2009) 035019. 

P. Ko, J. h. Park and M. Yamaguchi, JHEP 0811 (2008) 051. 

23) J. Hisano and Y. Shimizu, Phys. Lett. B 669 (2008) 301. 

24) A. Rossi, Phys. Rev. D 66 (2002) 075003. 

25) F. R. Joaquim and A. Rossi, Phys. Rev. Lett. 97 (2006) 181801. and Nucl. Phys. B 765 
(2007) 71. 

26) R. N. Mohapatra, N. Okada and H. B. Yu, Phys. Rev. D 78 (2008) 075011. 

27) For the relevance of sQFVs in the right-right down-squark sector for AMs , see for example: 
P. Ball, S. Khalil and E. Kou, Phys. Rev. D 69 (2004) 115011. 

28) A. Abulencia et al. [CDF Collaboration], Phys. Rev. Lett. 97 (2006) 242003. 

29) A. Lenz and U. Nierste, JHEP 0706 (2007) 072. 

30) V. M. Abazov et al. [DO Collaboration], Phys. Rev. Lett. 101 (2008) 241801. 

31) T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 100 (2008) 161802. 

32) M. Bonaet al. [UTfit Collaboration], arXiv:0803.0659 [hep-ph]]. 

33) M. Bona et al. [UTfit Collaboration], arXiv: 0909. 5065 [hep-ph]^ 

34) E. Barberio et al. [Heavy Flavour Averaging Group], arX iv:0808. 12971 [hep-ex]]. 



MSSU(5) with NROs 



107 



35) R. Fleischer, 'arXiv:0802.2882" [hep-ph]]. 

36) N. Sakai and T. Yanagida, Nucl. Phys. B 197 (1982) 533. 
S. Weinberg, Phys. Rev. D 26 (1982) 287. 

S. Dimopoulos, S. Raby and F. Wilczek, Phys. Lett. B 112 (1982) 133. 

37) P. H. Frampton, S. Nandi and J. J. G. Scanio, Phys. Lett. B 85 (1979) 225. 
H. Georgi and C. Jarlskog, Phys. Lett. B 86 (1979) 297. 

38) A. Masiero, D. V. Nanopoulos, K. Tamvakis and T. Yanagida, Phys. Lett. B 115 (1982) 
380. 

B. Grinstein, Nucl. Phys. B 206 (1982) 387. 

39) G. AltareUi, F. Feruglio and L Masina, JHEP 0011 (2000) 040. 
P. Fileviez Perez, Phys. Rev. D 76 (2007) 071701. 

40) N. Arkani-Hamed, H. C. Cheng and L. J. Hall, Phys. Rev. D 53 (1996) 413. 

41) J. Hisano, D. Nomura, Y. Okada, Y. Shimizu and M. Tanaka, Phys. Rev. D 58 (1998) 
116010. 

42) S. Trine, S. Westhoff and S. Wiesenfeldt, JHEP 908 (20 09) 002. 

43) Z. Berezhiani, Z. Tavartkiladze and M. Vysotsky, [arXiv:h ep-ph/9809301 . 

44) B. Bajc, P . Fileviez Perez and G. Senjanovic, Phys. Rev. D 66 (2002) 075005 and 
[arXiv:hep -ph /02 10374 . 

45) D. Emmanuel-Costa and S. Wiesenfeldt, Nucl. Phys. B 661 (2003) 62. 

46) For an update of the experimental results on proton decay rates, see for example: 
M. Shiozawa, talk at SUSY08, Seoul, Jun. 16-21, 2008. 

47) Y. Kawamura, H. Murayama and M. Yamaguchi, Phys. Rev. D 51 (1995) 1337. 

48) F. Borzumati, S. Mishima and T. Yamashita, arXiv: 0705. 2664 [hep-ph]]. 

49) See also: F. Borzumati and T. Yamashita, arXiv:0910.0372 [hep-ph]. 

50) S. Dimopoulos, S. Raby and F. Wilczek, Phys. Rev. D 24 (1981) 1681. 
S. Dimopoulos and H. Georgi, Nucl. Phys. B 193 (1981) 150. 

N. Sakai, Z. Phys. C 11 (1981) 153. 

51) H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32 (1974) 438. 

52) J. R. EUis and M. K. GaiUard, Phys. Lett. B 88 (1979) 315. 

53) Z. Berezhiani and Z. Tavartkiladze, Phys. Lett. B 396 (1997) 150. 

54) E. Witten, Phys. Lett. B 105 (1981) 267. 
H. Georgi, Phys. Lett. B 108 (1982) 283. 
A. Sen, Phys. Lett. B 148 (1984) 65. 

N. Maekawa and T. Yamashita, Phys. Rev. D 68 (2003) 055001. 

55) S. M. Barr, Phys. Lett. B 112 (1982) 219. 

N. Maekawa and T. Yamashita, Phys. Lett. B 567 (2003) 330. 

56) S. Dimopoulos and F. Wilczek, Print-81-0600 (SANTA BARBARA), NSF-ITP-82-07. 
K. S. Babu and S. M. Barr, Phys. Rev. D 48 (1993) 5354. 

S. M. Barr and S. Raby, Phys. Rev. Lett. 79 (1997) 4748. 
N. Maekawa, Prog. Theor. Phys. 106 (2001) 401. 

N. Maekawa and T. Yamashita, Prog. Theor. Phys. 107 (2002) 1201 and ibid. 110 (2003) 
93. 

57) K. Inoue, A. Kakuto and H. Takano, Prog. Theor. Phys. 75 (1986) 664. 

58) Y. Kawamura, Prog. Theor. Phys. 103 (2000) 613 
ibid. 105 (2001) 691 and 105 (2001) 999. 

59) J. Ellis, A. Mustafayev and K. A. Olive, arXiv: 1004. 5399 [hep-ph]. 

60) J. A. Casas and A. Ibarra, Nucl. Phys. B 618 (2001) 171. 

61) A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P. W. Graham, R. Harnik and S. Rajendran, 
Phys. Rev. D 79 (2009) 105022. and Phys. Rev. D 80 (2009) 055011. 

62) M. Kakizaki and M. Yamaguchi, Int. J. Mod. Phys. A 19 (2004) 1715. 

63) T. Goto and T. Nihei, Phys. Rev. D 59 (1999) 115009. 

64) H. Murayama and A. Pierce, Phys. Rev. D 65 (2002) 055009. 

65) L. J. HaU, V. A. Kostelecky and S. Raby, Nucl. Phys. B 267 (1986) 415. 
R. Barbieri, L. J. HaU and A. Strumia, Nucl. Phys. B 445 (1995) 219. 

66) S. P. Martin, arXiv:hep-ph/9709356 . 

67) N. K. Falck, Z. Phys. C 30 (1986) 247. 

68) Y. Yamada, Phys. Rev. Lett. 72 (1994) 25. and Phys. Rev. D 50 (1994) 3537. 

69) S. P. Martin and M. T. Vaughn, Phys. Rev. D 50 (1994) 2282 [Erratum-ibid. D 78 (2008) 



108 



F. Borzumati and T. Yamashita 



039903]. 

I. Jack, D. R. T. Jones, S. P. Martin, M. T. Vaughn and Y. Yamada, Phys. Rev. D 50 
(1994) 5481. 

70) R. Slansky, Phys. Rept. 79 (1981) 1. 

71) Y. Cui, Phys. Rev. D 74 (2006) 075010. 

72) G. F. Giudice and R. Rattazzi, Nucl. Phys. B 511 (1998) 25. 

N. Arkani-Hamed, G. F. Giudice, M. A. Luty and R. Rattazzi, Phys. Rev. D 58 (1998) 
115005. 



